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This decade should provide the first definitive signals of New Physics 
(NP) beyond the Standard Model (SM) and the goal of these lectures is a 
review of flavour physics in various extensions of the SM that have been 
popular in the last ten years. After an overture, two pilot sections and 
a brief summary of the structure of flavour violation and CP violation in 
the SM, we will present the theoretical framework for weak decays that 
will allow us to distinguish between different NP scenarios. Subsequently 
we will present twelve concrete BSM models summarizing the patterns of 
flavour violation characteristic for each model. In addition to models with 
minimal flavour violation (MFV) accompanied by flavour blind phases we 
will discuss a number of extensions containing non-MFV sources of flavour 
and CP violation and, in particular, new local operators originating in right- 
handed charged currents and scalar currents. Next we will address various 
anomalies in the data as seen from the point of view of the SM that appear 
very natural in certain extensions of the SM. In this presentation selected 
superstars of this fleld will play a very important role. These are processes 
that are very sensitive to NP effects and which are theoretically clean. 
Particular emphasis will be put on correlations between various observables 
that could allow us to distinguish between various NP scenarios. Armed 
with this knowledge we will propose a coding system in a form of a 3 x 3 
matrix which helps to distinguish between various extensions of the SM. 
Finding which flavour code is chosen by nature would be an important step 
towards the fundamental theory of flavour. We give several examples of 
flavour codes representing speciflc models. We believe that such studies 
combined with new results from the Tevatron, the LHC, Belle II, Super- 
Flavour-Facility in Rome and dedicated Kaon and lepton flavour violation 
experiments should allow to improve signiflcantly our knowledge about the 
dynamics at the shortest distance scales. 
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Overture 

The year 1676 was a very important year for the humanity. In this year 
Antoni van Leeuvenhoek (1632-1723) discovered the empire of bacteria. He 
cahed these smah creatures animalcula (small animals). This discovery was 
a mile stone in our civilization for at least two reasons: 

• He discovered invisible to us creatures which over thousands of years 
were systematcally killing the humans, often responsible for millions 
of death in one year. While Antoni van Leeuvanhoek did not know 
that bacteria could be dangerous for humans, his followers like L. Pas- 
teur (1822-1895), Robert Koch (1843-1910) and other microbe hunters 
not only realized the danger coming from this tiny creatures but also 
developed weapons against this empire. 

• He was the first human who looked at short distance scales invisible 
to us, discovering thereby a new underground world. At that time 
researchers looked mainly at large distances, discovering new planets 
and finding laws, like Kepler laws, that Izaak Newton was able to 
derive from his mechanics. 

While van Leeuvanhoek could reach the resolution down to roughly 
10~^m, over the last 334 years this resolution could be improved by twelve 
orders of magnitude. On the way down to shortest distance scales scientists 
discovered nanouniverse (10~^m), femtouniverse (10~"'^^m) relevant for nu- 
clear particle physics and low energy elementary particle physics and finally 
attouniverse (lO^^^m) that is the territory of contemporary high energy 
elementary particle physics. 

In this decade we will be able to improve the resolution of the short 
distance scales by at least an order of magnitude, extending the picture of 
fundamental physics down to scales 5 • 10~^°m with the help of the LHC. 
Further resolution down to scales as short as 10~^^m or even shorter scales 
should be possible with the help of high precision experiments in which 
flavour violating processes will play a prominent role. These notes deal with 
the latter route to the short distance scales and with new animalcula which 
hopefully will be discovered both at the LHC and through high precision 
experiments in the coming years. 

1. Introduction 

In our search for a fundamental theory of elementary particles we need 
to improve our understanding of flavour in [THS]. This is clearly a very 
ambitious goal that requires the advances in different directions as well as 
continuos efforts of many experts day and night, as depicted with the help 
of the " Flavour Clock" in Figure [H 
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Fig. 1. Working towards the Theory of Flavour around the Flavour Clock. 



Despite the impressive success of the CKM picture of flavour changing 
interactions [71[8] in which also the GIM mechanism [9] for the suppression 
of flavour changing neutral currents (FCNC) plays a very important role, 
there are many open questions of theoretical and experimental nature that 
should be answered before we can claim to have a theory of flavour. Among 
the basic questions in flavour physics that could be answered in the present 
decade are the following ones: 

1. What is the fundamental dynamics behind the electroweak symme- 
try breaking that very likely plays also an important role in flavour 
physics? 

2. Are there any new flavour symmetries that could help us to understand 
the existing hierarchies of fermion masses and the hierarchies in the 
quark and lepton flavour violating interactions? 

3. Are there any flavour violating interactions that are not governed by 
the SM Yukawa couplings? In other words, is Minimal Flavour Vio- 
lation (MFV) the whole story? 

4. Are there any additional flavour violating CP-violating (CPV) phases 
that could explain certain anomalies present in the flavour data and 
simultaneously play a role in the explanation of the observed baryon- 
antibaryon asymmetry in the universe (BAU)? 

5. Are there any flavour conserving CPV phases that could also help in 
explaining the flavour anomalies in question and would be signalled 
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in this decade through enhanced electric dipole moments (EDMs) of 
the neutron, the electron and of other particles? 

6. Are there any new sequential heavy quarks and leptons of the 4th 
generation and/or new fermions with exotic quantum numbers like 
vectorial fermions? 

7. Are there any elementary neutral and charged scalar particles with 
masses below 1 TeV and having a significant impact on flavour physics? 

8. Are there any new heavy gauge bosons representing an enlarged gauge 
symmetry group? 

9. Are there any relevant right-handed (RH) weak currents that would 
help us to make our fundamental theory parity conserving at short 
distance scales well below those explored by the LHC? 

10. How would one successfully address all these questions if the break- 
down of the electroweak symmetry would turn out to be of a non- 
perturbative origin? 

An important question is the following one: will some of these questions 
be answered through the interplay of high energy processes explored by 
the LHC with low energy precision experiments or are the relevant scales 
of fundamental flavour well beyond the energies explored by the LHC and 
future colliders in this century? The existing tensions in some of the corners 
of the SM and still a rather big room for NP contributions in rare decays 
of mesons and leptons and CP-violating observables, including in particular 
EDMs, give us hopes that indeed several phenomena required to answer at 
least some of these questions could be discovered in this decade. 

2. Superstars of Flavour Physics in 2010-2015 

As far as high precision experiments are concerned a number of selected 
processes and observables will, in my opinion, play the leading role in learn- 
ing about the NP in this new territory. This selection is based on the 
sensitivity to NP and theoretical cleanness. The former can be increased 
with the increased precision of experiments and the latter can improve with 
the progress in theoretical calculations, in particular the non-perturbative 
ones like the lattice simulations. 

My superstars for the coming years are as follows: 

• The mixing induced CP-asymmetry S^^{Bs) that is tiny in the SM: 
S^,^ 0.04. The asymmetry S^^{Bs) is also important. It is also very 
strongly suppressed in the SM and is sensitive to NP similar to the 
one explored through the departure of S^Ks{Bd) from S^Xsi^d) [ID]- 
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• The rare decays iJ^.d — ^ A^^A* that could be enhanced in certain NP 
scenarios by an order of magnitude with respect to the SM values. 

• The angle 7 of the unitarity triangle (UT) that will be precisely mea- 
sured through tree level decays. 

— )• t'^Vt that is sensitive to charged Higgs particles. 

• The rare decays — >• ir'^ui? and Ki — )• tt^ui' that belong to the 
theoretically cleanest decays in flavour physics. 

• The decays B — )• Xgi'iy, B — >• K*vu and B — )■ Kuu that are theoreti- 
cally rather clean and are sensitive to RH currents. 

• Numerous angular symmetries and asymmetries in S — t- K*l~l~ . 

• Lepton flavour violating decays like — )• 67, r — )• 67, r — )• /i7, decays 
with three leptons in the final state and /x — e conversion in nuclei. 

• Electric dipole moments of the neutron, the electron, atoms and lep- 
tons. 

• Anomalous magnetic moment of the muon {g — 2)^ that indeed seems 
to be "anomalous" within the SM even after the inclusion of radiative 
corrections. 

• The ratio e' /e in Kl — )• vrvr decays which is known experimentally 
within 10% and which should gain in importance in this decade due 
to improved lattice calculations. 

Clearly, there are other stars in flavour physics but I believe that the ones 
above will play the crucial role in our search for the theory of flavour. Having 
experimental results on these decays and observables with sufficient preci- 
sion accompanied by improved theoretical calculations will exclude several 
presently studied models reducing thereby our exploration of short distance 
scales to a few avenues. 

In the rest of the paper I will proceed as follows. In Section 3 I will recall 
those ingredients of the SM that are dominantly responsible for the pattern 
of flavour violation and CP violation in this model. In Section 4 I will 
briefly recall the theoretical framework for weak decays that goes beyond 
the SM. In Section 5 we discuss several concrete BSM models. For each 
model we list the new particles and we recall the structure of their interac- 
tions with the ordinary quarks and leptons in particular paying attention 
to the Lorentz structure of these interactions. We summarize the patterns 
of flavour violation characteristic for each model. In Section 6 we address 
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a number of anomalies present in the data from the point of view of the 
models of Section 5. We also illustrate how the superstars listed in Section 
2 when considered together can help in distinguishing between various NP 
scenarios. In this context the correlations between various observables will 
play a prominent role. 

Armed with all this knowledge we will propose in Section 7 a new clas- 
sification of various NP effects by means of a coding system in a form of a 
3x3 flavour code matrix. Each NP model is characterized by a special code 
in which only some entries of the matrix in question are occupied. MFV, 
non-MFV sources and flavour blind CP-violating phases on the one hand 
and LH-currents, RH-Currents and scalar currents on the other hand are 
the fundamental coordinates in this code. They allow to classify transpar- 
ently the models discussed in Section 5. We give several examples of flavour 
codes corresponding to specific models discussed in the text. As we will see 
some models, depending on the values of parameters involved, show their 
presence in a number of entries of this matrix. Finally in Section 8 we will 
provide a brief summary. Recent reviews on flavour physics can be found 
in [IHB]. 

3. Patterns of flavour violation and CP violation in the SM 

Let us collect here those ingredients of the SM which are fundamental 
for the structure of flavour violating and CP-violating phenomena in this 
model. 

• The SM contains three generations of quarks and leptons. 

• The gauge interactions are described by the group SU(3)c x SU(2)l x U(1)y 
spontaneously broken to SU(3)c x U(1)q. The strong interactions are 
mediated by eight gluons Ga, the electroweak interactions by W^, 

and 7. 

• Concerning Electroweak Interactions, the left-handed leptons and quarks 
are put into SU(2)l doublets: 




with the corresponding right-handed fields transforming as singlets 
under SU{2)l. 
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The weak eigenstates {d' , s' , b') and the corresponding mass eigenstates 
d,s,b are connected through the CKM matrix 

d' \ I Vud Vus Vub \ / d\ I d 

S' \ = \ Vcd Vcs Vcb \\ S \ = VcKM \ s \. (3) 



b' \ Vtd Vts Vtb \ b \ b 



In the leptonic sector the analogous mixing matrix is a unit matrix 
due to the masslessness of neutrinos in the SM. Otherwise we have 
the PMNS matrix. 

• The charged current interactions mediated by are only between 
left-handed quarks in accordance with maximal parity breakdown ob- 
served in low-energy processes. 

• The unitarity of the CKM matrix assures the absence of flavour chang- 
ing neutral current (FCNC) transitions at the tree level. This means 
that the elementary vertices involving neutral gauge bosons {Ga, Z^, 
7) and the neutral Higgs are flavour conserving. This property is 
known under the name of GIM mechanism [S]. 

• The fact that the VijS can a priori be complex numbers allows CP 
violation in the SM [8]. 

• The CKM matrix can be parametrized by S12, S13, ,823 and a phase 
(5 = 7, with 7 being one of the angles of the Unitarity Triangle. While 
7 ~ (70 lb 10)°, the Sij exhibit a hierarchical structure: 

S12 = \Vus\ ~ 0.225, si3 = iKbl ~ 4 • 10-3, S23 = \Vcb\ ~ 4 • lO'^ . 

(4) 

• This pattern of Sij and the large phase 7 combined with the large 
top quark mass and GIM mechanism imply large CP-violating effects 
in the Bd system {S^Ks ^ 0.7), small CP-violating effects in the Bs 
system {S^^ ~ 0.04) and tiny CP-violating effects in the K system 
ilexl ~ 0.002). 

• The EDMs predicted by the SM are basically unmeasurable in this 
decade. 

• Lepton flavour violation in the SM is very strongly supressed. 

Presently, this global structure of flavour violating interactions works 
rather well but as we will see below some deviations from the SM predictions 
are observed in the data although most of these anomalies being typically 
2 — 3a are certainly not conclusive. 
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4. Theoretical Framework: Beyond the SM 
4.1- Preliminaries 

The starting point of any serious analysis of weak decays in tlie frame- 
work of a given extension of the SM is the basic Lagrangian 

£ = CsM{9^, rui, F^km) + £Np(9r, VSp), (5) 

where {gi,mi, V(^km) denote the parameters of the SM and {gf^ ,m^^ , V^p) = 
g-^P the additional parameters in a given NP scenario. 

Our main goal then is to identify in weak decays the effects decribed 
by £np in the presence of the background from £sM- In the first step 
one derives the Feynman rules following from ([5]), which allows to calculate 
Feynman diagrams. But then we have to face two challenges: 

• our theory is formulated in terms of quarks, but experiments involve 
their bound states: Kl, K^, -B°, B^, Be, D, D^, etc. 

• NP takes place at very short distance scales 10~^^ — 10^^^ m, while 
Kl, K^, B% B'^, B^ and other mesons live at 10" - 10" m. 

The solution to these challenges is well known. One has to construct 
an effective theory relevant for experiments at low energy scales. Opera- 
tor Product Expansion (OPE) and Renormalization Group (RG) methods 
are involved here. They allow to separate the perturbative short distance 
(SD) effects, where NP is present, from long distance (LD) effects for which 
non-perturbative methods are necessary. Moreover RG methods allow an 
efficient summation of large logarithms log(//sD/A'LD)- A detailed exposi- 
tion of these techniques can be found in [TT1|12] and fortunately we do not 
have to repeat them here. At the end of the day the formal expressions 
involving matrix elements of local operators and their Wilson coefficients 
can be cast into the following Master Formula for Weak Decays [13] . 

4-2. Master Formula for Weak Decays 
The master formula in question reads: 

A(Decay) = ^ -Bir7QCDVcKM-^i("^i> Snp), (6) 

i 

where Bi are non-perturbative parameters representing hadronic matrix ele- 
ments of the contributing operators, i]q(jy) stand symbolically for the renor- 
malization group factors, VAj^^ denote the relevant combinations of the 
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elements of the CKM matrix and finally Fi{mt, £)np) denote the loop func- 
tions resulting in most models from box and penguin diagrams but in some 
models also representing tree level diagrams if such diagrams contribute. 
The internal charm contributions have been suppressed in this formula but 
they have to be included in particular in K decays and — mixing. 
^jnp denotes symbolically all parameters beyond rrit, in particular the set 
(5^^, m^^, Fj^p) in ([2]). It turns out to be useful to factor out V^j^j^ in all 
contributions in order to see transparently the deviations from MFV that 
will play a prominent role in these lectures. 

In the SM only a particular set of parameters Bi is relevant as there 
are no right-handed charged current interactions, the functions Fi are real 
and the flavour and CP-violating effects enter only through the CKM fac- 
tors V^KM- This implies that the functions Fi are universal with respect 
to flavour so that they are the same in the and Bg systems. Con- 

sequently a number of observables in these different systems are strongly 
correlated with each other within the SM. 

The simplest class of extensions of the SM are models with Constrained 
Minimal Flavour Violation (CMFV) |14H16j . In these models all flavour 
changing transitions are governed by the CKM matrix with the CKM phase 
being the only source of CP violation. Moreover, the Bi factors in ([6]) are 
only those that are also relevant in the SM. This implies that relative to the 
SM only the values of Fi are modified but their universal character remains 
intact. In particular they are real. This implies various correlations between 
different observables that we will discuss as we proceed. 

In more general MFV models |17H19j new parameters Bi and ??qcd, re- 
lated to new operators, enter the game but if flavour blind CP-violating 
phases (FBPs) are absent or negligible the functions Fi still remain real 
quantities as in the CMFV framework and do not involve any flavour vi- 
olating parameters. Consequently the CP and flavour violating effects in 
these models are again governed by the CKM matrix. However, the pres- 
ence of new operators makes this approach less constraining than the CMFV 
framework. We will discuss some other aspects of this approach below. 

Most general MFV models can also contain FBPs that can have profound 
implications for the phenomenology of weak decays because of the interplay 
of the CKM matrix with these phases. In fact such models became very 
popular recently and we will discuss them below. 

In the simplest non-MFV models, the basic operator structure of CMFV 
models remains but the functions Fi in addition to real SM contributions 
can contain new flavour parameters and new complex phases that can be 
both flavour violating and flavour blind. 

Finally, in the most general non-MFV models, new operators (new Bi 
parameters) contribute and the functions Fi in addition to real SM contri- 
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butions can contain new flavour parameters and new complex phases. 

In [Ij we have presented a classification of different classes of models in a 
form of a 2 X 2 flavour matrix which distinguished only between models with 
SM operators and models with new operators on the one hand and MFV 
and non-MFV on the other hand. From the present perspective this matrix 
is insufficient as it does not take into account the possible presence of FBPs 
and moreover does not distinguish sufficiently between different Lorentz 
structures of the operators involved. In particular it does not distinguish 
between right-handed currents that involve gauge bosons and scalar currents 
resulting primarly from Higgs exchanges. Therefore at the end of our paper 
we will attempt to improve on this by proposing a flavour code in a form of 
a bigger matrix: the 3x3 flavour code matrix (FCM). 

Clearly without a good knowledge of non-perturbative factors Bi no pre- 
cision studies of flavour physics will be possible unless the non-perturbative 
uncertainties can be reduced or even removed by taking suitable ratios of 
observables. In certain rare cases it is also possible to measure the relevant 
hadronic matrix elements entering rare decays by using leading tree level de- 
cays. Examples of such fortunate situations are certain mixing induced CP 
asymmetries and the branching ratios for K — t- ttvP decays. Yet, in many 
cases one has to face the direct evaluation of B^. While lattice calculations, 
QCD-sum rules, light-cone sum rules and large- methods made significant 
progress in the last 20 years, the situation is clearly not satisfactory and one 
should hope that new advances in the calculation of Bi parameters will be 
made in the LHC era in order to adequately use improved data. Recently 
an impressive progress in calculating the parameter Bk, relevant for CP 
violation in — mixing, has been made and we will discuss its impli- 
cations in Section 6. It should be emphasized that also for Bd g and charm 
systems very significant progress has been made in the last years by lattice 
community. A selection of papers can be found in |2UH24j . 

Definitely also considerable progress has been made in the study of non- 
leptonic B decays and radiative exclusive B decays by means of approaches 
like QCD factorization and perturbative QCD but discussing them is not 
the goal of this paper. Nice recent reviews have been published in |26p27] 
where references to original literature can be found. 

Concerning the factors ?7qc£) an impressive progress has been made dur- 
ing the last 20 years. The 1990s can be considered as the era of NLO 
QCD calculations. Basically, NLO corrections to all relevant decays and 
transitions have been calculated already in the last decade |llj . with a 
few exceptions, like the width differences AF^^rf in the B'^ ^ — B^ ^ systems 
that were completed only in 2003 |28H30j . The last decade can be consid- 
ered as the era of NNLO calculations. In particular one should mention 
here the NNLO calculations of QCD corrections to — t- Xsl~^l~ |31H37| . 
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— )• TT'^i'i' |38H40j ■ and in particular to Bs — ?• Xsj [H] with the latter one 
being by far the most difficult one. Also important steps towards a complete 
calculation of NNLO corrections to non-leptonic decays of mesons have been 
made in [32]. Most recently NNLO QCD corrections to the parameter rjQCD 
in ek |43j and two-loop electroweak corrections to if — )• tti'u [H] have been 
calculated. It should also be stressed that the precision on r/q;-,]-, has also 
been indirectly improved through the more accurate determination of for 
which the most recent result reads |45j : 

as{Mz) = 0.1184 ± 0.0007 . (7) 

The final ingredients of our master formula, in addition to V(i,^^ factors, 
are the loop functions Fi resulting from penguin and box diagrams with the 
exchanges of the top quark, W^, Z^, heavy new gauge bosons, heavy new 
fermions and scalars. They are known at one- loop level in several extensions 
of the SM, in particular in the two Higgs doublet model (2HDM), the littlest 
Higgs model without T parity (LH) , the ACD model with one universal extra 
dimension (UED) [36], the MSSM with MFV and non-MFV violating inter- 
actions, the flavour bhnd MSSM (FBMSSM), the littlest Higgs model with 
T-parity (LHT), Z'-models, Randall- Sundrum (RS) models, left-right sym- 
metric models, the model with the sequential fourth generation of quarks 
and leptons. Moreover, in the SM 0{as) corrections to all relevant one loop 
functions are known. It should also be stressed again that in the loop func- 
tions in our master formula one can conveniently absorb tree level FCNC 
contributions present in particular in RS models. 



4-3. Local Operators in the SM 

As a preparation for the construction of the new flavour matrix we have 
to make a closer look at the Lorentz structure of the operators involved, 
first in the SM and then beyond it. To this end we have to cast our master 
formula in ^ into the more familiar formula that results from the relevant 
effective Hamiltonian. 

In this more formal picture an amplitude for a decay of a given meson 
M = K,B, .. into a final state F = nuv^ vrvr, DK,... is then simply given 

by 

A{M ^F) = {F\neff\M) = ^^y^^^,Q(/.)(F|Q,(/x)|M), (8) 

where {F\Qi(fi)\M) are the matrix elements of the local operators Qi be- 
tween M and F, evaluated at the renormalization scale /i and Ci{^) are the 
Wilson coefficients that collect compactly the effects of physics above the 
scale /i. 
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4.3.1. Nonleptonic Operators 

Of particular interest are the operators involving quarks only. In the 
case of the AB = 1 transitions the relevant set of operators is given as 
follows: 

Current— Current: 

Ql = {Cabis)v-A {si3Ca)v-A Q2 = {cb)v~-A {sc)v-A (9) 

QCD Penguins: 

Q3 = {sb)v-A ^ {qq)v-A Qa = {Sabi3)v-A ^ {qi3qa)v-A 

q=u,d,s,c,b q=u,d,s,c,b 

(10) 

Qb = {sb)v-A ^ {qq)v+A Qa = {Sabi3)v-A ^ {qpqaW+A 

q=u,d,s,c,b q=u,d,s,c,b 

(11) 

Electroweak Penguins: 

Q7 = 2 i^b)v-A ^ eg {qq)v+A 

q=u,d,s,c,b 

= 2 isabi3)v-A ^ eg{qi3qa)v+A (12) 

q=u,d,s,c,b 

= 2 i^b)v-A ^ eq{qq)v-A 

q=u,d,s,c,b 

Qio = 2 {sabi3)v-A ^ eg {qpqo,)v-A (13) 

q=u,d,s,c,b 

Here, a, /3 denote colours and eg denotes the electric quark charges reflecting 
the electroweak origin of Qt, . . . , Qiq. Finally, (c6)v-^ = Cq, 7^(1 — 75)fea. 

These operators play a crucial role in non-leptonic decays of Bg and B^ 
mesons and have through mixing under renormalization also an impact on 
other processes as is evident from the treatises in jlipi2j. For non-leptonic 
K decays the quark flavours have to be changed appropriately. Explicit 
expressions can be found in |lipi2j. In particular the analogues of Q\ and 
Q2 govern the A/ = 1/2 rule in Kl — ?• ttvt decays, while the corresponding 
QCD penguins and electroweak penguins enter directly the ratio e' /e. 

Before continuing one observation should be made. We have stated 
before that charged current weak interactions are governed by left-handed 
(LH) currents. This is indeed the case as seen in Q: only V — A currents 
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are present there. This is no longer the case when QCD penguins and 
Electroweak Penguins that govern FCNC processes are considered. Yet, 
also there the presence of only LH charged currents in the SM is signalled 
by the fact that the first currents in each operator have V — A structure. 
The fact that V + A structures appear in (jlip is related to the vectorial 
character of gluon interactions that in the process of the renormalization 
group analysis have to be decomposed into V — A and V + A parts. Similar 
comments apply to p2|) . where the photon penguins and penguins are 
involved. 

This discussion implies that in the presence of right-handed (RH) charged 
currents also operators with V — A replaced by y + A in ([9]) and in the first 
factors in the remaining operators in (fT0|) - (fT3]) would contribute. 

4.3.2. Magnetic Penguins 

In the case of B ^ Xs'j and B — )• Xgl^l^ decays and corresponding 
exclusive decays the crucial role is played by magnetic penguin operators: 

(14) 

The operator Q^g can also be relevant in nonleptonic decays. The magnetic 
operators are often called dipole operators. 

4.3.3. AS = 2 and AB = 2 Operators 

In the case of — K^ mixing and B^ — B^ mixing the relevant operators 
within the SM are 

Q{^S = 2) = {sd)v^A{sd)v-A Qi^B = 2) = (bd)v^Aibd)v-A ■ (15) 
For i?^ — B^ mixing one has to replace d by s in the last operator. 

4.3.4. Semileptonic Operators 

In the case of i? — )■ Xsl'^l~ also the following operators on top of mag- 
netic penguins contribute 

Qgy = {sb)v-A{fitJ')v QiOA = {sb)v-AifJ'fJ')A- (16) 

Changing approprately flavours one obtains the corresponding operators 
relevant for B -> Xdl~^l~ and Kl — )■ 7r°/+/~. 

The rare decays B — t- Xgi/i', B — t- K*uv^ B — t- Kuu and Bs — )• Ji^ are 
governed by 

QuuiB) = {sb)v-A{i^'^)v-A Qfifi{B) = {sb)v-A{fifJ-)v-A ■ (17) 
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The rare decays K — t- ttuv and — t- /i/i are governed on the other 
hand by 

Qyu{K) = {sd)v-A{i'v)v-A Q^ifiiK) = {sd)v-A{p'lJ')v-A ■ (18) 

4.4- Local Operators in Extensions of the SM 

NP can generate new operators. Typicahy new operators are generated 
through the presence of RH currents and scalar currents with the latter 
strongly suppressed within the SM. New gauge bosons and scalar exchanges 
are at the origin of these operators that can have important impact on 
phenomenology. The two-loop anomalous dimensions of these operators 
have been calculated in [171138] 

4.4.1. AF = 2 Non-leptonic Operators 

For definiteness, we shall consider here operators responsible for the K^- 
mixing and consequently relevant also for ek- There are 8 such operators 
of dimension 6. They can be split into 5 separate sectors, according to the 
chirality of the quark fields they contain. The operators belonging to the 
first three sectors (VLL, LR and SLL) read [48] 



qLR = (s-Pid")(s-^PRd^), 

qSLL ^ {s^a^,PLd^){sPa^'''PLdP), (19) 

where o"^^ = ^[7/^, Iv] and Pl,r = ^(l^FTs)- The operators belonging to the 
two remaining sectors (VRR and SRR) are obtained from QY^^ and Q^^^ 
by interchanging Pl and Pr. For A.B = 2 the flavours have to be changed 
appropriately. 



4.4.2. AF = 1 Operators 

The list of IS.F = 1 operators in the extensions of the SM is much longer 
and will not be given here. All the dimension six four-quark operators are 
discussed in 08] where also their two-loop anomalous dimensions have been 
calculated. See also [17], where a different operator basis is used. 

Concerning the semileptonic operators in the extensions of the SM the 
typical examples of operators related to the presence of RH currents are 
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QgV = {sh)v+A{p'lj)v QwA = {sb)v+AifJ'fJ')A- (20) 
QuuiB) = {sb)v+Aii^'^)v-A QfifliB) = {sb)v+AifJ'fJ')v-A ■ (21) 

QuuiK) = {sd)v+Aii^'^)v-A Qfifi{K^) = isd)v+A{p'lJ')v-A ■ (22) 

If scalar currents resulting from scalar exchanges like the heavy Higgs in 
the 2HDM models or sparticles in the MSSM are present, scalar operators 
enter the game. The most prominent are the ones that govern the Bs — )• 
decay in 2HDMs and the MSSM at large tan/3: 

QS = {sPLh){ll^l) Qp = isPLb)ifl-f5fi) (23) 

Qs = isPRb){flfi) Qp = {sPRb){jx-i^pL) (24) 

4-5. Penguin-Box Expansion 

After this rather formal presentation let us just state how our master 
formula ([6]) can be obtained from the expression ([8]). We can start with 
([8]) but instead of evaluating it at the low energy scale we choose for ^ the 
high energy scale to be called at which heavy particles are integrated 
out. Then expressing the Wison coefficients Ci{fiH) in terms of the loop 
functions Fi we arrive at ([S]). As the expansion in ^ involves basic one- 
loop functions from penguin and box diagrams it was naturally given the 
name of the Penguin-Box Expansion (PBE) [49j . 

Originally PBE was designed to expose the mt-dependence of FCNC 
processes [l9] which was hidden in the Wilson coefficients. In particular 
in the case of e'/e where many of these functions enter, this turned out 
to be very useful. After the top quark mass has been measured precisely 
this role of PBE is less important. On the other hand, PBE is very well 
suited for the study of the extensions of the SM in which new particles are 
exchanged in the loops and as discussed above all these effects are encoded 
in the functions Fi. 

If new operators are present it is often useful to work first with the 
coefficients Ci{^H) rather then loop functions. Then absorbing Gpj^pl and 
^CKM ™ Wilson coefficients Ci{fj,H) the amplitude for M — M mixing 
(M = K, Bd, Bg) is then simply given by 

A{M ^ M) = ^ Ci{fiH){M\QUl^H)\M), (25) 

i,a 

where the sum runs over all the operators in (|19p . that is i = 1,2 and 
a = VLL,VRR, LR, .... The matrix elements for B^ — B^ mixing are for 
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instance given as follows [50] 

{B'\Qf\B°) = \Ml^Fl^P^{Bd), (26) 

where the coefficients P^{B(i) collect compactly all RG effects from scales 
below as well as hadronic matrix elements obtained by lattice methods at 
low energy scales. Analytic formulae for these coefficients are given in |5Uj 
while the recent application of this method can be found in j51fl53j . As 
the Wilson coefficients Ci{fiH) depend directly on the loop functions and 
fundamental parameters of a given theory, this dependence can be exhibited 
as in PBE or ^ if necessary. Again as in the case of PBE the virtue of using 
high energy scale rather than the low energy scale is that the coefficients 
P^{M) can be evaluated once for all if the hadronic matrix elements are 
known. Other virtues of this approach are discussed in |51fl53j . 

5. A Closer Look at Selected BSM Models 

5.1. Three Strategies in Waiting for NP in Flavour Physics 

Particle physicists are waiting eagerly for a solid evidence of NP for the 
last 30 years. Except for neutrino masses, the BAU and dark matter, no 
clear signal emerged so far. While waiting several strategies for finding NP 
have been developed. They can be divided roughly into three classes. 

5.1.1. Precision calculations within the SM 

Here basically the goal is to calculate precisely the background to NP 
coming from the known dynamics of the SM. At first sight this approach is 
not very exciting. Yet, in particular in flavour physics, where the signals of 
NP are generally indirect, this approach is very important. From my point 
of view, having been involved for more than one decade in calculations of 
higher order QCD corrections [12], I would claim that for most interesting 
decays these perturbative and renormalization group improved calculations 
reached already the desired level. See references in Section 4. 

The main progress is now required from lattice groups. Here the main 
goals for the coming years are more accurate values of weak decay constants 
Fb^ ^ and various Bi parameters relevant for B^i g physics. For — 

mixing the relevant parameter Bk is now known with an accuracy of 4% [53] . 
An impressive achievement. Let us hope that also the parameters Bq and 
i?8, relevant for e' /e will be known with a similar accuracy within this 
decade. Comprehensive reviews on lattice results can be found in |20H25j . 

Clearly further improvements on the hadronic part of two-body non- 
leptonic decays is mandatory in order to understand more precisely the 
direct CP violation in Bg fi decays. 
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5.1.2. The Bottom-Up Approach 

In this approach one constructs effective field theories involving only 
light degrees of freedom including the top quark in which the structure of 
the effective Lagrangians is governed by the symmetries of the SM and often 
other hypothetical symmetries. This approach is rather powerful in the case 
of electroweak precision studies and definitely teaches us something about 
AF = 2 transitions. In particular lower bounds on NP scales depending 
on the Lorentz structure of operators involved can be derived from the 
data [HES]. 

However, except for the case of MFV and closely related approaches 
based on flavour symmetries, the bottom-up approach ceases, in my view, to 
be useful in AF = 1 decays, because of very many operators that are allowed 
to appear in the effective Lagrangians with coefficients that are basically 
unknown |56tl57j. In this approach then the correlations between various 
AF = 2 and AF = 1 observables in K, D, and Bg systems are either 
not visible or very weak, again except MFV and closely related approaches. 
Moreover the correlations between flavour violation in low energy processes 
and flavour violation in high energy processes to be studied soon at the LHC 
are lost. Again MFV belongs to a few exceptions. 

5.1.3. The Top-Down Approach 

My personal view shared by some of my colleagues is that the top-down 
approach is more useful in flavour physics 0. Here one constructs first a 
specific model with heavy degrees of freedom. For high energy processes, 
where the energy scales are of the order of the masses of heavy particles one 
can directly use this "full theory" to calculate various processes in terms of 
the fundamental parameters of a given theory. For low energy processes one 
again constructs the low energy theory by integrating out heavy particles. 
The advantage over the previous approach is that now the coefficients of the 
resulting local operators are calculable in terms of the fundamental parame- 
ters of this theory. In this manner correlations between various observables 
belonging to different mesonic systems and correlations between low energy 
and high-energy observables are possible. Such correlations are less sensi- 
tive to free parameters than separate observables and represent patterns of 
flavour violation characteristic for a given theory. These correlations can 
in some models differ strikingly from the ones of the SM and of the MFV 
approach. 



^ As pointed out by Helmut Neufeld this view can only be defended if the number of 
NP models invented by theorists around the world is smaller than the number of 
possible operators in the bottom-up approach. 
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5.2. Anatomies of explicit models 

Having the last strategy in mind my group at the Technical Univer- 
sity Munich, consisting dominantly of diploma students, PhD students and 
young post-docs investigated in the last decade flavour violating and CP- 
violating processes in the following models: CMFV, MFV, MFV-MSSM, 
Z'-models, general MSSM, a model with a universal flat 5th dimension, 
the Littlest Higgs model (LH), the Littlest Higgs model with T-parity 
(LHT), SUSY-GUTs, Randall- Sundrum model with custodial protection 
(RSc), flavour blind MSSM (FBMSSM), four classes of supersymmetric 
flavour models with the dominance of LH currents ((5LL model) , the domi- 
nance of RH currents in an abelian flavour model (AC model), non-abelian 
model with equal strength of CKM-like LH and RH currents (RVV2) and 
the non-abelian AKM model in which the CKM-like RH currents domi- 
nate. The last comments applying only to the NP part as the SM part 
is always there. This year we have analyzed the SM4, the 2HDM j^pY to 
be defined below, quark flavour mixing with RH currents in an effective 
theory approach RHMFV and very recently supersymmetric SU(5) GUT 
enriched through RH neutrinos S'S'C/(5)r,n. These analyses where domi- 
nated by quark flavour physics, but in the case of the LHT, FBMSSM, 
supersymmetric flavour models, S'S'C/(5)rn and the SM4 also lepton flavour 
violation, EDMs and {g — 2)^ have been studied in detail. In what follows I 
will briefly describe several of these extensions putting emphasis on flavour 
violating and CP-violating processes. The order of presentation does not 
correspond to the chronological order in which these analyses have been 
performed. The models to be discussed below are summarized in Fig. [2j 




Fig. 2. Various patterns of flavour violation around the Flavour Clock. 
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5.3. Constrained Minimal Flavour Violation (CMFV) 

The simplest class of extensions of the SM are models with CMFV jl41 - 
I16j . They are formulated as follows: 

• All flavour changing transitions are governed by the CKM matrix with 
the CKM phase being the only source of CP violation, 

• The only relevant operators in the effective Hamiltonian below the 
weak scale are those that are also relevant in the SM. 

This implies that in the master formula ([6]) relative to the SM only the 
values of Fi are modified but their universal character remains intact. In 
particular they are real. 

As discussed in detail in [15] this class of models can be formulated to 
a very good approximation in terms of 11 parameters: 4 parameters of the 
CKM matrix and 7 real values of the universal master functions Fi that 
parametrize the short distance contributions. In a given CMFV model, Fi 
can be calculated in perturbation theory and are generally correlated with 
each other but in a model independent analysis they must be considered as 
free parameters. 

Generally, several master functions contribute to a given decay, although 
decays exist which depend only on a single function. We have the follow- 
ing correspondence between the most interesting FCNC processes and the 
master functions in the CMFV models: 



-mixing {er) S{v) 
K — ^ TTvu, B — ^ Xfi^svv X{v) 

fifi, Bd,s II y{v) 

Ki^ TT^e+e- Y{v), Z{v), E{v) 

e', Nonleptonic AS = 1, A5 = 1 X{v), Y{v), Z{v), E{v) 

B ^ Xs-i D'{v), E'{v) 

B Xs gluon E'{v) 

B Xsl+l- Y{v), Z{v), E{v), D'{v), E'{v), 

where v denotes collectively the arguments of a given function. 

This table means that the observables like branching ratios, mass differ- 
ences AMd^s in -B^ s ~ g-mixing and the CP violation parameters Ek und 
e' , all can be to a very good approximation entirely expressed in terms of 
the corresponding master functions, the relevant CKM factors, low energy 
parameters like the Bi and QCD factors Vqqj^- 



20 



AnDRZEJ J. BURAS 



All master functions have been defined in |151 l49j. Phenomenological 
studies indicate that only 

Siv), Xiv), Y{v), Z{v), D\v) E'iv). (27) 

receive significant NP contributions. S{v) represents the box diagrams in 
AF = 2 processes, X{v) and Y{v) stand for gauge invariant combinations 
of penguin and AF = 1 box diagrams, Z(v) for a gauge invariant com- 
bination of the Z^ penguin and the photon penguin. Finally D'{v) and 
E'{v) stand for magnetic photon penguin und magnetic gluon penguin, re- 
spectively. The NP contributions to the ordinary gloun penguin E{v) are 
generally irrelevant in this framework. 

In [15] strategies for the determination of the values of these functions 
have been outlined. Moreover, in certain cases these model dependent func- 
tions can be eliminated by taking certain combinations of observables. In 
this manner one obtains universal correlations between these observables 
that are characteristic for this class of models. The most interesting are the 
following ones: 

AMd ^ ruB, Bd Fl 
AM, TUB, 4 F| 

Bt{B XdUi>) _ 
Br{B Xsvv) ~ 

BT{Bd ^+/»~) ^ T{Bd) ruB^ ^Bg 
Br(B, ^ ~ TiB,) ruB^ 

that all can be used to determine |I4rf/Vts| without the knowledge of Fi{v) 
|14j . In particular the relation (j28p offers a powerful determination of the 
length of one side of the unitarity triangle, denoted usually by Rt- Combin- 
ing this determination with the exparimental value of the CP asymmetry 
S^Ks — sin 2/3 allows to determine the unitarity triangle that is unversal for 
CMFV models [12 . 

Out of these three ratios the cleanest is ()29p . which is essentially free 
of hadronic uncertainties [58]. Next comes ()30p . involving SU(3) breaking 
effects in the ratio of i?-meson decay constants. Finally, SU(3) breaking in 
the ratio Bb^/Bb^ enters in addition in (j28p . These SU(3) breaking effects 
are already known with respectable precision from lattice QCD. 

Eliminating |Vfrf/Vjs| from the three relations above allows to obtain 
three relations between observables that are universal within the MFV mod- 
els. In particular from (|28p and (|30p one finds |59] 

Br(^, ^ fifi) _ Bd t{Bs) am, 

BiiBd^fijl) Bsr{Bd)AMd' ^ ' 



Vtd 

Vts 



(28) 



Vtd 

Vts 



(29) 



Vtd 

Vts 



(30) 
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that does not involve Fb^ and consequently contains substantially smaller 
hadronic uncertainties than the formulae considered above. It involves only 
measurable quantities except for the ratio Bg/Bd that is known already now 
from lattice calculations with respectable precision |2 H I22 j 

^ = 0.95 ±0.03, 5d = 1.26 ±0.11, = 1.33 ± 0.06 . (32) 

Bd 

Moreover, as in the MFV models there are no flavour violating CPV 
phases beyond the CKM phase, we also expect [601I6T] 

(sin2/3)^j,p = (sin2/3)^Xs, (sin2/3)0/^g w (sin2/3)^,i^g, (33) 

if FBPs are assumed to be negligible. Indeed within the SM the corrections 
to the latter relation amount to roughly 0.02 |62| . 

The confirmation of these two relations would be a very important test 
for the MFV idea unless important FBs are present (see below). Indeed, in 
K —7- -Kvv the phase /3 originates in the penguin diagram, whereas in the 
case of S^Ks the B^ — B^ box diagram. In the case of the asymmetry 
S4>Ks it originates also in B^ — B^ box diagrams but the second relation in 
([33|) could be spoiled by new physics contributions in the decay amplitude 
for B —7- (j)Ks that is non-vanishing only at the one loop level. 

One can also derive the following relations between Br(i?g — )• iiji) and 
AM, [59] 

Br(i?, ^ = 4.36 • 10-10 l(|£l^AM„ (g = s,d). (34) 

5q S{v) 

These relations allow to predict Yii{Bs^d /U/i) in a given CMFV model with 
substantially smaller hadronic uncertainties than found by using directly 
the formulae for the branching ratios in question. Using the present input 
parameters we find 

Br(Bd ^ /i+/i")sM = (1.0 ± 0.1) X 10-1°, (35) 

Br(5, ^ ;U+/^-)sM = (3.2 ± 0.2) x 10"^ . (36) 

5.4- Minimal Flavour Violation 

We have already formulated what we mean by CMFV. Let us first add 
here that the models with CMFV generally contain only one Higgs doublet 
and the top Yukawa coupling dominates. On the other hand general mod- 
els with MFV contain more scalar representations, in particulat two Higgs 
doublets. Moreover, the operator structure in these models can differ from 
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the SM one. This is the case when bottom and top Yukawa couphngs are of 
comparable size. A weh known example is the MSSM with MFV and large 
tan/3. 

In the more general case of MFV the formulation with the help of global 
symmetries present in the limit of vanishing Yukawa couplings |181ll9j as 
formulated in [T7] is elegant and useful. See also |63] for a similar formu- 
lation that goes beyond the MFV. Recent discussions of various aspects of 
MFV can be found in |64H69| . In order to see what is here involved we 
follow a compact formulation of Gino Isidori |70j . 

Let us look then at the Standard Model (SM) Lagrangian which can 
be divided into two main parts, the gauge and the Higgs (or symmetry 
breaking) sector. The gauge sector is completely specified by the local 
symmetry ^lo^^^i ~ SU{3)c x SU{2)i x U{1)y and by the fermion content, 

Yl ^^^^ 

i=1...3 ^=Qi^,„E}^ 

-\ E Gl,G'^^''-\ Y W^^W^^^ -\b,^B^'^ . (37) 

a=1...8 a=1...3 

The fermion content consist of five fields with different quantum numbers 
under the gauge group. 

Ql(3,2)+i/6 , i7]j(3, l)+2/3 , -C'}j(3, l)_i/3 , L}^(l,2)_i/2 , -E)j(l, l)-i , 

(38) 

each of them appearing in three different flavours (i = 1,2,3). 

As given above ^Cg^g^ has a large 5/060/ flavour symmetry C/(3)^, corre- 
sponding to the independent unitary rotations in flavour space of the five 
fermion fields in (j38p . This can be decomposed as follows: 

^flavour = Ui-if xGgXGe, (39) 

where 

Gg = 5f/(3)Q^ X SU{3)u^ X SU{3)d^, Qe = SC/(3)l^ «)5C/(3)ij^ . (40) 

Three of the five U{1) subgroups can be identified with the total baryon and 
lepton number and the weak hypercharge. The two remaining U{1) groups 
can be identified with the Peccei-Quinn symmetry of 2IIDMs and with a 
global rotation of a single SU{2)l singlet. 

Both the local and the global symmetries of >Cg^gg are broken with 
the introduction of a SU{2)i Higgs doublet (j). The local symmetry is 
spontaneously broken by the vacuum expectation value of the Higgs field. 



gauge 
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{(p) = V = 246 GeV, while the global flavour symmetry is explicitly broken 
by the Yukawa interaction of (j) with the fermion fields: 

- -Cifwa = Y^^Ql^D^^ + yj^OyC/^ + Y:^LIcPE^^ + h.c. = iT2^^) . 

(41) 

The subgroups controlling flavour-changing dynamics, in particular flavour 
non- universality, are the non-Abelian groups Qq and Gi, which are explicitly 
broken by Yd^^^e not being proportional to the identity matrix. 

The hypothesis of MFV amounts to assuming that the Yukawas are the 
only sources of the breakdown of flavour and CP-violation. 

The phenomenological implications of the MFV hypothesis formulated 
in this more grander manner than the CMFV formulation given above can 
be found model independently by using an effective fleld theory approach 
(EFT) [T7]. In this framework the SM lagrangian is supplemented by all 
higher dimension operators consistent with the MFV hypothesis, built using 
the Yukawa couplings as spurion flelds. The NP effects in this framework are 
then parametrized in terms of a few flavour-blind free parameters and SM 
Yukawa couplings that are solely responsible for flavour violation and also 
CP violation if these flavour-blind parameters are chosen as real quantities 
as done in [T7] . This approach naturally suppresses FCNC processes to the 
level observed experimentally even in the presence of new particles with 
masses of a few hundreds GeV. It also implies specific correlations between 
various observables, which are not as stringent as in the CMFV but are still 
very powerful. 

Yet, it should be stressed that the MFV symmetry principle in itself does 
not forbid the presence of flavour blind CP violating sources [65] - [69l[7TH75] 
that make effectively the flavour blind free parameters complex quantities 
having flavour-blind phases (FBPs). These phases can in turn enhance the 
electric dipole moments EDMs of various particles and atoms and in the 
interplay with the CKM matrix can have also profound impact on flavour 
violating observables, in particular the CP-violating ones. In the context of 
the so-called aligned 2HDM model such effects have also been emphasized 
in [7B]. 

One concrete example is MFV MSSM which in view of these FBPs suffers 
from the same SUSY CP problem as the ordinary MSSM. Either an extra 
assumption or a mechanism accounting for a natural suppression of these 
CP-violating phases is then desirable. Possible solution to this problem is 
the following [68]: the SUSY breaking mechanism is flavour blind and CP 
conserving and the breaking of CP only arises through the MFV compatible 
terms breaking the flavour blindness. That is, CP is preserved by the sector 
responsible for SUSY breaking, while it is broken in the flavour sector. 
While the generalized MFV ansatz still accounts for a natural solution of 
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the SUSY CP problem, it also leads to peculiar and testable predictions in 
low energy CP violating processes [68]. See more about this below. 

Yet, independently of Supersymmetry, that we will discuss later on, 
the introduction of flavour-blind CPV phases compatible with the MFV 
symmetry principle turns out to be a very interesting set-up [65H68l[7T| . In 
particular, as noted in [66], a large new phase in B^-B^ mixing could in 
principle be obtained in the MFV framework if additional FBPs are present. 
This idea cannot be realized in the ordinary MSSM with MFV, as shown 
in |77|I78|. The difficulty of realizing this scenario in the MSSM is due to 
the suppression in the MSSM of effective operators with several Yukawa 
insertions. Sizable couplings for these operators are necessary both to have 
an effective large CP-violating phase in B^-B^ mixing and, at the same 
time, to evade bounds from other observables, such as Bg — )■ ^"^/^^ and 
B — )• Xs7. However, it could be realized in different underlying models, 
such as the up-lifted MSSM, as recently pointed out in [79] and in the 
2HDM with MFV and FBPs as we will discuss now. 

5.5. 2HDM^jpv 

5.5.1. Preliminaries 

We will next discuss a specific class of 2HDM models, namely 2HDM 
with MFV accompanied by flavour blind CP phases that we will call for 
short 2HDM j^py |51j with the "bar" on MFV indicating the presence of 
FBPs. 

Before entering the details it will be instructive to recall that the stan- 
dard assignment of the SU{2)i x U{1)y quark charges, identified long ago 
by Glashow, Iliopoulos, and Maiani (GIM) [S], forbids tree-level flavour- 
changing couplings of the quarks to the SM neutral gauge bosons. In 
the case of only one-Higgs doublet, namely within the SM, this structure 
is effective also in eliminating a possible dimension-four flavour-changing 
neutral-current (FCNC) coupling of the quarks to the Higgs field. While 
the SU{2)i X U{\)y assignment of quarks and leptons can be considered 
as being well established, much less is known about the Higgs sector of the 
theory. In the presence of more than one-Higgs field the appearance of tree- 
level FCNC is not automatically forbidden by the standard assignment of 
the SU{2)l X U{1)y fermion charges: additional conditions have to be im- 
posed on the model in order to guarantee a sufficient suppression of FCNC 
processes |801I81| . The absence of renormalizable couplings contributing at 
the tree-level to FCNC processes, in multi-Higgs models, goes under the 
name of Natural Flavour Conservation (NFC) hypothesis. Excellent discus- 
sions of multi-Higgs models and of NFC can be found in |82y83| . 

The idea of NFC has been with us for more than 30 years. During the 
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last decade the mechanism for the suppression of FCNC processes with the 
help of MFV has been developed and it is natural to ask how NFC (and 
GIM) are related to MFV, and vice versa. Motivated by a series of recent 
studies about the strength of FCNCs in multi-Higgs doublet models |761I84I - 
I87j . we have presented recently a detailed analysis of the relation between 
the NFC and MFV hypotheses [51]. As we have shown, while the two 
hypotheses are somehow equivalent at the tree-level, important differences 
arise when quantum corrections are included. Beyond the tree level, or 
beyond the implementation of these two hypotheses in their simplest version, 
some FCNCs are naturally generated in both cases. In this more general 
framework, the MFV hypothesis in its general formulation [1^ turns out to 
be more stable in suppressing FCNCs than the hypothesis of NFC alone. 

I will not repeat here these arguments as for some readers they could 
appear academic. In short it is probably not surprising that flavour-blind 
symmetries that are used to protect FCNCs in the context of NFC are not as 
powerful as flavour symmetries used in the context of the MFV hypothesis. 
A nice summary of our work by one of my collaborators making this point 
very clear appeared recently [88]. Instead, I would like to summarize the 
phenomenological implications of this framework that were not expected 
by us when we started our analysis. In particular, in our second analysis 
the issue of EDMs in this framework has also been considered [55] . Other 
recent interesting analyzes of FCNC processes within 2HDMs can be found 

in [ZSlEgilMlEZlEnHSa- 

Let me first list the few important points of the 2IIDM j^py framework. 

• The presence of FBPs in this MFV framework modifies through their 
interplay with the standard CKM flavour violation the usual char- 
acteristic relations of the MFV framework. In particular the mixing 
induced CP asymmetries in B'^ — ?• ipKs and — ?• tpcp take the form 
known from non-MFV frameworks like LHT, RSc and SM4: 

= sin(2/3 + 2(^bJ , = sin(2|/3,| - 2(^ijJ , (42) 

where ipBq are NP phases in B^ — B^ mixings. Thus in the presence of 
non- vanishing 99^^ and (pBsi originating here in non- vanishing FBPs, 
these two asymmetries donot measure /3 and /3<j but (/3 -|- ifBa) s-i^d 
i\/3s\ - (pBs), respectively. 

• The FBPs in the 2IIDM j^py can appear both in Yukawa interactions 
and in the Higgs potential. While in [51] only the case of FBPs in 
Yukawa interactions has been considered, in [52] these considerations 
have been extended to include also the FBPs in the Higgs potential. 
The two flavour-blind CPV mechanisms can be distinguished through 
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the correlation between S^Ks that is strikingly different if 

only one of them is relevant. We will see this explicitely below. See 
Fig. 5 in [52]. 

• Sizable FBPs, necessary to explain possible sizable non-standard CPV 
effects in Bg mixing could, in principle, be forbidden by the upper 
bounds on EDMs of the neutron and the atoms. This question has 
been adressed in [52] and the answer will be given below. 

Let us then briefly consider these two cases, returning to them in more 
details in Section 6 in the context of a general discussion of the anomalies 
observed in the present data. 

5.5.2. FBPs in Yukawa Interactions 

Integrating out the neutral Higgs fields leads to tree-level contributions 
to scalar FCNC operators. Working in the decoupling limit for the heavy 
Higgs doublet, the leading Higgs contributions to AF = 1 and AF = 2 
Hamiltonians thus generated are {q = d, s) 



where Oj are flavour-blind complex coefficients that are 0(1). Their complex 
phases originate in this framework precisely from FBPs in the Yukawa inter- 
actions. Hi are Yukawa couplings. Inspecting these formulae we anticipate 
immediately two key properties that can be directly deduced by looking at 
their flavour- and CP-violating structure: 

• The impact in K^-K^, B^-B^ and B^-B^ mixing amplitudes scales, 
relative to the SM, with nismd, nT-^md and m{,ms, respectively. This 
fact opens the possibility of sizable non-standard contributions to the 
Bs system without serious constraints from K^~K^ and B^~B^ mix- 
ing. In particular one has the relation 




H 



f ysydiy^vZVtd? {sRdL){sLdR) + h.c. , (46) 



ymytVmg {bRgLXhiR) + h.c, (43) 

H 

yeysy^V*Vtd {sndLmin) + h.c. , (44) 
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• While the possible flavour-blind phases do not contribute to the AS = 
2 effective Hamiltonian, they could have an impact in the AB = 2 
case, offering the possibility to solve the recent experimental anomalies 
related to the Bg mixing phase. However, this happens only if ai 7^ 
a2- This requires a non-trivial underlying dynamics, which does not 
suppress effective operators with high powers of Yukawa insertions. 
While in the 2HDM j^py this is generally possible, this is not the case 
in the MSSM with MFV, where the supersymmetry puts these two 
coefficients to be approximately equal [771 175]. 

• The presence of scalar operators like Qp^s in the AB = 1 transitions 
allows strong enhancements of branching ratios for Bg — t- ijl'^ lJi~ in a 
correlated manner that is characteristic for models with MFV. 



Let us also note that NP contributions to AF = 2 transitions in this 
case are dominated by the operator whose contributions are strongly 
enhanced by RG effects and in the case of £k by the chiral enhancement 
of its hadronic matrix element. Fortunately the suppression of this direct 
contrbution to £k by the the relevant CKM factor and in particular by 
nifims does not introduce any problems with satisfying the £k constraint 
and in fact this contribution can be neglected. 

We are now ready to summarize the main phenomenological results ob- 
tained in [5T] : 

1. The pattern of NP effects in this model is governed by the quark 
masses relevant for the particular system considered: mgrn^, nifymd and 
mhrus, for the K, B^ and Bg systems, respectively. 

2. If we try to accommodate a large CP- violating phase in B^-B^ 
mixing in this scenario, we find a correlated shift in the relation between 
S^pKs the CKM phase (3. This shift is determined unambiguously by 
the relation ()47p and contains no free parameters. The shift is such that 
the prediction of S^Ks decreases with respect to the SM case at fixed CKM 
inputs if a large positive value of S"^^ is chosen. This relaxes the existing 
tension between S^^^ and its SM prediction as seen in Figure 2 of [5T] . 

3. The NP contribution to £k is tiny and can be neglected. However, 
given the modified relation between S^Ks the CKM phase (3 in ([I2]) . 
with LfB^ < the true value of /3 extracted in this scenario increases with 
respect to SM fits in which this phase is absent. As a result of this modified 
value of /3, also the predicted value for ek increases with respect to the SM 
case, resulting in a better agreement with data. See Figure 3 in jSlj . 

4. The branching ratios Br{Bq — )• can be enhanced by an order 
of magnitude over the SM values in (f55|) and (fM]) , thus reaching the upper 
bounds from CDF and DO. Moreover, the relation in (|3Up appears to be 
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basically unaffected by the presence of possible FBPs. On the other hand 
the CMFV relation ([3T]) gets modified as follows 

BT{Bd^ fi+l^-) BB,r{Bd)AMd ' M^JSs\' ^ ^ 

where for r = 1 we recover the SM and CMFV relation derived in [59]. Sq 
are the box functions that now are different for Bs and B^ systems. In the 
present model r can deviate from one; however, this deviation is at most of 
0(10%). We are looking forward to the test of (j48p which will be possible 
once Br(Sq — t- f.t^fj,~) will be known. 

5. For large iS^^, the branching ratios Bv{Bs^d — )• fJ.'^fJ-~) are strongly 
enhanced over SM values as seen in Figure 4 of |52j . 



5.5.3. FBPs in the Higgs Potential 

If the FBPs are present only in the Higgs potential the relation between 
new phases ipB^ changes to 

fBa = fBs (49) 

modifying certain aspects of the phenomenology. In particular the correla- 
tion between the CP asymmetries S^Ks ^4'<t> is now very different as 
seen in Figure 5 of [52] and in order to be consistent with the data on S^Ks 
the asymmetry cannot exceed 0.3. We will return to this in Section 6. 



5.5.4. Correlation between EDMs and Si/,^ 

In [S2] the correlations between EDMs and CP violation in Bs ,i mixing 
in 2IIDM j^pY including FBPs in Yukawa interactions and in the Higgs po- 
tential have been studied in detail. It has been shown that in both cases 
the upper bounds on EDMs of the neutron and the atoms do not forbid 
sizable non-standard CPV effects in Bs mixing. However, if a large CPV 
phase in Bs mixing will be confirmed, this will imply hadronic EDMs very 
close to their present experimental bounds, within the reach of the next 
generation of experiments, as well as Br{Bs^d — ^ typically largely 

enhanced over its SM expectation. As demonstrated in Figure 5 of j52j 
the two fiavour-blind CPV mechanisms can be distinguished through the 
correlation between S^Ks ^4><P ^^^^ is strikingly different if only one 
of them is relevant. Which of these two CPV mechanisms dominates de- 
pends on the precise values of S^^p and S^Ks ■ Current data seems to show 
a mild preference for a hybrid scenario where both these mechanisms are at 
work [52] . 
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5.6. Littlest Higgs Model with T-parity 



We will next discuss two models having the operator structure of the 
SM but containing new sources of flavour and CP-violation. This is the 
Littlest Higgs Model with T-parity (LHT) and the SM4, the SM extended 
by a fourth sequential generation of quarks and leptons. 

The Littlest Higgs model without [93] T-parity has been invented to 
solve the problem of the quadratic divergences in the Higgs mass without 
using super symmetry. In this approach the cancellation of divergences in 
niH is achieved with the help of new particles of the same spin-statistics. 
Basically the SM Higgs is kept light because it is a pseudo-Goldstone boson 
of a spontaneously broken global symmetry: 



Thus the Higgs is protected from acquiring a large mass by a global sym- 
metry, although in order to achieve this the gauge group has to be extended 
to 



and the Higgs mass generation properly arranged {collective symmetry break- 
ing). The dynamical origin of the global symmetry in question and the 
physics behind its breakdown are not specified. But in analogy to QCD 
one could imagine a new strong force at scales 0(10 — 20TeV) between 
new very heavy fermions that bind together to produce the SM Higgs. In 
this scenario the SM Higgs is analogous to the pion. At scales well below 
5TeV the Higgs is considered as an elementary particle but at 20TeV its 
composite structure should be seen. Possibly at these high scales one will 
have to cope with non-perturbative strong dynamics and an unknown ul- 
traviolet completion with some impact on low energy predictions of Little 
Higgs models has to be specified. Concrete perturbative completions, albeit 
very complicated, have been found |94p 95j. The advantage of these models, 
relative to supersymmetry, is a much smaller number of free parameters 
but the disadvantage is that Grand Unification in this framework is rather 
unlikely. Excellent reviews can be found in [961197]. 

In order to make this model consistent with electroweak precision tests 
and simultaneously having the new particles of this model in the reach of the 
LHC, a discrete symmetry, T-parity, has been introduced [98^99j. Under T- 
parity all SM particles are even. Among the new particles only a heavy +2/3 
charged T quark belongs to the even sector. Its role is to cancel the quadratic 
divergence in the Higgs mass generated by the ordinary top quark. The even 
sector and also the model without T-parity belong to the CMFV class if only 
flavour violation in the down-quark sector is considered [lUUyiUl] . 




(50) 



Glht = SU{3), X [SU{2) X [/(l)]i x [SU{2) x U{1)]2 



(51) 
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More interesting from the point of view of FCNC processes is the T-odd 
sector. It contains three doublets of mirror quarks and three doublets of 
mirror leptons that communicate with the SM fermions by means of heavy 
W^, Zjj and gauge bosons that are also odd under T-parity. These 
interactions are governed by new mixing matrices Vnd and Vhi for down- 
quarks and charged leptons, respectively. The corresponding matrices in 
the up (Vhu) and neutrino (Vhu) sectors are obtained by means of the 
relations [IISlfTUH] 

vLVHd = VcKM, vI^Vhi = V},,,^s- (52) 

Thus we have new flavour and CP-violating contributions to decay am- 
plitudes in this model. These new interactions can have a structure very 
different from the CKM and PMNS matrices. 

The difference between the CMFV models and the LHT model can be 
transparently seen in the formulation of FCNC processes in terms of the 
master functions. In the LHT model the real and universal master functions 
in ()27p become complex quantities and the property of the universality 
is lost. Consequently the usual CMFV relations between and Bg 

systems can be strongly broken. Explicitly, the new functions are given as 
follows {i = K, d, s): 



Si = \S,\e''K Xf 



X 



nil 



e'"x^ Y,^\Yi\e''y, Z,^|Z,|e^^^, (53) 



D[^\D[\e^'o' , E[^\eW^'e'. (54) 

Let us note also that in contrast to the models discussed until now 
the LHT model contains new heavy gauge bosons W^, and The 
masses of and Z% are typically 0(700 GeV). Ah is significantly lighter 
with a mass of a few hundred GeV and, being the lightest particle with 
odd T-parity, it can play the role of a dark matter candidate. The mirror 
quarks and leptons can have masses typically in the range 500-1500 GeV 
and could be discovered at the LHC. Their impact on FCNC processes can 
be sometimes spectacular. A review on flavour physics in the LHT model 
can be found in |104j and selected papers containing details of the pattern 
of flavour violation in these models can be found in |105H111] . Critical 
discussions of the LHT model can be found in |113| . 

Here we only list the most interesting results from our analyses |105H109] . 

1. S^^ can be much larger than its SM value but values above 0.3 are 
rather unlikely. 

2. Br(KL — )• T^^uv) and Br(K"'" — )■ vr+z/p) can be enhanced up to factors 
of 3 and 2.5, respectively. The allowed points in the Bt^Kl — 'k^uv) 
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vs Br{K~^ —7- n^uv) plot cluster around two branches. On one of them 
Br{K~^ — )• TT^ui)) can reach maximal values while Br{Ki — )■ t^^vv) is SM- 
like. Here Br{K~^ — t- t:~^uv) can easily reach the central experimental value 
of E949 Collaboration at Brookhaven [114j . On the other one Br(KL — >• 
TT^vi?) can reach maximal values but Br{K~^ — t- vr+z^p) can be enhanced by 
at most a factor of 1.4 and therefore not reaching the central experimental 
value. Some insights on this behaviour have been provided in |1U9| . 

3. Rare i?-decays turn out to be SM-like but still some enhancements 
are possible. In particular Br{Bs^d — ^ /^"'"A*") can be enhanced by 30% and 
a significant part of this enhancement comes from the T-even sector. 

4. Simultaneous enhancements of S^^ and of Br{K — t- 'kuv) are rather 
unlikely. 

5. Br{fi —7- 67) can reach the upper bound of 2 • 10^^^ from the MEGA 
collaboration and in fact some fine tuning of the parameters is required to 
satisfy this bound |107tll08]llllj : either the corresponding mixing matrix 
in the mirror lepton sector has to be at least as hierarchical as the CKM 
matrix and/or the masses of mirror leptons carrying the same electric charge 
must be quasi-degenerate. Therefore if the MEG collaboration does not find 
anything at the level of 10~^^, significant fine tuning of the LHT parameters 
will be required in order to keep /i — )• 67 under control. 

6. It is not possible to distinguish the LHT model from the supersym- 
metric models discussed below on the basis of // — >• 67 alone. On the other 
hand as pointed out in |107j such a distinction can be made by measuring 
any of the ratios Br{fi — )• 3e)/Br{fj. — )• 67), Br{T — >■ 3fi)/Br{T — > /_f7), etc. 
In supersymmetric models all these decays are governed by dipole operators 
so that these ratios are 0{a) |115H120| . In the LHT model the LFV decays 
with three leptons in the final state are not governed by dipole operators but 
by Z-penguins and box diagrams and the ratios in question turn out to be 
by at least one order of magnitude larger than in supersymmetric models. 
The most recent analysis of LFV in the LHT model can be found in |112j . 

7. CP violation in the D° - D° mixing at a level well beyond anything 
possible with CKM dynamics has been identified |121j . Comparisons with 
CP violation in K and B systems should offer an excellent test of this NP 
scenario and reveal the specific pattern of flavour and CP violation in the 

— system predicted by this model. 

5. 7. The SM with Sequential Fourth Generation 

One of the simplest extensions of the SM3 is the addition of a sequential 
fourth generation (4G) of quarks and leptons |122j (hereafter referred to as 
SM4). Therefore it is of interest to study its phenomenological implications. 
Beyond flavour physics possibly the most interesting implications of the 
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presence of 4G are the following ones: 

1. While being consistent with electroweak precision data (EWPT) [1231 - 
I128| . a 4G can remove the tension between the SMS fit and the lower 
bound on the Higgs mass itlh from LEP II. Indeed, as pointed out 
in jl24lll26|ll29j . a heavy Higgs boson does not contradict EWPT as 
soon as the 4G exists. For additional discussions see |130yi31] 

2. Electroweak baryogenesis might be viable |132H134] . 

3. Dynamical breaking of electroweak symmetry might be triggered by 
the presence of 4G quarks |135H142] . 

However, the SM4 is also interesting for flavour physics. Several anal- 
yses of flavour physics |143fll53lll55f[TB7] have been performed in the last 
years. The SM4 introduces three new mixing angles S14, S24, S34 and two 
new phases in the quark sector and can still have a significant impact on 
flavour phenomenology. Similarly to the LHT model it does not introduce 
any new operators but brings in new sources of flavour and CP violation 
that originate in the interactions of the four generation fermions with the 
ordinary quarks and leptons that are mediated by the SM electroweak gauge 
bosons. Thus in this model, as opposed to the LHT model, the gauge group 
is the SM one. This implies smaller number of free parameters. 

An interesting virtue of the SM4 model is the non-decoupling of new 
particles. Therefore, unless the model has non-perturbative Yukawa inter- 
actions, the 4G fermions are bound to be observed at the LHC with masses 
below 600 GeV. 

Here I will only summarize the results of our analyses of quark flavour 
physics |15ipi52] and lepton flavour violation |153j . Details can be found in 
these papers, in particular many correlations between various observables 
that are shown there in numerous plots. Two nice reviews of our work have 
been presented by Tillmann Heidsieck |154j . 

The most interesting patterns of flavour violation in the SM4 are the 
following ones: 

1. All existing tensions in the UT fits can be removed in this NP sce- 
nario. 

2. In particular the desire to explain the S'^^ anomaly implies uniquely 
the suppressions of the CP asymmetries S(f,Ks '^■n'Ks agreement with 
the data. This correlation has been pointed out in [14311147] and we con- 
firmed it. However we observed that for (S^^ significantly larger than 0.6 
the values of S^Ks ^-i^d ^ri'Ks below their central values indicated by the 
data, although some non-perturbative uncertainties are involved here. 
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3. The S^pij) anomaly implies a sizable enhancement of Br{Bs — )■ /x^/x") 
over the SMS prediction although this effect is much more modest than in 
SUSY models where the Higgs penguin with large tan /3 is at work. Yet, 
values as high as 8 • 10~^ are certainly possible in the SM4, which is well 
beyond those attainable in the LHT model discussed previously and the 
RSc model discussed below. On the other hand large values of S^p^ preclude 
non-SM values of Br^B^ — t- //"^/x"). Consequently the CMFV relations in 
([5U1) and ([5T|) can be strongly violated in this model. 

4. Possible enhancements of Br(ii'"'" — )• Tr'^uu) and Bv{Kl — )• tt^vu) over 
the SMS values are much larger than found in the LHT and RSc models 
and in particular in SUSY flavour models discussed below, where they are 
SMS like. Both branching ratios as high as several 10"^" are still possible 
in the SM4. Moreover, in this case, the two branching ratios are strongly 
correlated and close to the Grossman-Nir bound |158| . 

5. Interestingly, in contrast to the LHT and RSc models, a high value 
of does not preclude a sizable enhancements of Br(i^'"'" — )• n'^vu), and 

6. NP effects in Kl 'K^£~^i~ and — ?■ can be visibly larger 
than in the LHT and RSc models. In particular Bv{Kl — )• M^/^~)sD can 
easily violate the existing bound of 2.5 • 10~^ |159j . Imposition of this bound 
on top of other constraints results in a characteristic shape of the correlation 
between Yii^K'^ — )• -k^uu) and Br(A'i — t- tt^vv) that we already encountered 
in the LHT model. 

7. Even in the presence of SM-like values for S^^ and Br(i?s — )• 
large effects in the i^'-system are possible. 

8. For large positive values of S^^ the predicted value of e' /e is sig- 
nificantly below the data, unless the hadronic matrix elements of the elec- 
troweak penguins are sufficiently suppressed with respect to the large N 
result and the ones of QCD penguins enhanced. We have also reempha- 
sised [16011161] the important role e'/e will play in bounding rare K decay 
branching ratios once the relevant hadronic matrix elements in e' /e will be 
precisely known. 

9. While simultaneous large 4G effects in the K and D systems are 
possible, large effects in B^ generally disfavour large NP effects in the D 
system. Moreover, significant enhancement of S^(f,{Bs) above the SMS value 
will not allow large CP violating effects in the D system within the 4G sce- 
nario. Additional imposition of the e'/e constraint significantly diminishes 
4G effects in CP violating observables in the D system. 

10. The branching ratios for £i — )• Ij^y, r — )• £tt, t — )• £rj^'\ /i~ — )• e~e~^e~ , 
T~ — e~e'^e~, t~ — >■ ii~ , t~ — >• e~ and r~ — )■ /i~e"'"e~ can all 
still be as large as the present experimental upper bounds but not necessarily 
simultaneously. 
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11. The correlations between various LFV branching ratios should allow 
to test this model. This should be contrasted with the SMS where all these 
branching ratios are unmeasurable. 

12. The rate for /i — e conversion in nuclei can also reach the corre- 
sponding upper bound. 

13. The pattern of the LFV branching ratios in the SM4 differs signifi- 
cantly from the one encountered in the MSSM, allowing to distinguish these 
two models with the help of LFV processes in a transparent manner. Also 
differences from the LHT model are identified. 

14. The branching ratios for Kl — )• /^e, Kl — ?• vr'^/ie, /^e, 
Bd,s Te and Bd^s — ^ Tf^ turn out to be by several orders of magnitude 
smaller than the present experimental bounds. 

In summary, the SM4 offers a very rich pattern of flavour violation which 
can be tested already in the coming years, in particular through precise 
measurements of S^^, Bv{Bg — > fj.'^fi~), Br(i^+ — )• vr+z^P) and, later, S^k^, 
Sri'Ks and Br{K]^ — )• tt^vi'). Also, precise measurements of the phase 7 « 613 
and of LFV decays will be important for these investigations. 

5.8. Supersymmetric Flavour Models (SF) 

In supersymmetric models the cancellation of divergences in itih is achieved 
with the help of new particles of different spin-statistics than the SM par- 
ticles: supersymmetric particles. For this approach to work, these new 
particles should have masses below 1 TeV, otherwise fine tuning of param- 
eters cannot be avoided. As none of the supersymmetric particles has been 
seen so far, the MSSM became a rather fine tuned scenario even if much 
less than the SM in the presence of the GUT and Planck scales. One of the 
important predictions of the simplest realization of this scenario, the MSSM 
with R-parity, is light Higgs with mH < 130 GeV and one of its virtues is 
its perturbativity up to the GUT scales. An excellent introduction to the 
MSSM can be found in [TH2] . 

The unpleasant feature of the MSSM is a large number of parameters 
residing dominantly in the soft sector that has to be introduced in the 
process of supersymmetry breaking. Constrained versions of the MSSM can 
reduce the number of parameters significantly. The same is true in the case 
of the MSSM with MFV. 

Concerning the FCNC processes let us recall that in addition to a light 
Higgs, squarks, sleptons, gluinos, charginos and neutralinos, also charged 
Higgs particles and additional neutral scalars are present in this frame- 
work. All these particles can contribute to FCNC transitions through box 
and penguin diagrams. New sources of flavour and CP violation come 
from the misalignement of quark and squark mass matrices and similar new 
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flavour and CP-violating effects are present in the lepton sector. Some of 
these effects can be strongly enhanced at large tan /3 and the corresponding 
observables provide stringent constraints on the parameters of the MSMM. 
In particular Bs — )• jJ-'^ can be enhanced up to its experimental upper 
bound, branching ratios for K — t- ttvv can be much larger than their SM 
values and the CP asymmetry S^^ can also strongly deviate from the tiny 
SM value. 

The Higgs sector of the MSSM is at the tree level the same as of the 
2HDM II: only one Higgs doublet couples to a fermion of a given charge and 
there are no FCNCs mediated by Higgs particles. However, at one-loop level 
this is no longer true and the Higgs-penguins, in analogy to Z-penguins are 
born. At large tan/3 they can be very important with their "smoking gun" 
being the order of magnitude enhancements of Bg^d 1^^ l^ - When non- 
MFV sources of flavour and CP violation in the squark sector are present 
also the asymmetry can be strongly enhanced. However, there is a 
striking difference between 2HDM j^py and the MSSM with MFV which we 
already mentioned before: 

• While in the 2HDMj^jpy large values of 5^,^ are possible, this is not 
the case of the MSSM with MFV, even in the presence of FBPs: su- 
persymmetric relations between parameters do not allow for such an 
enhancement [771178] . 

There is a very rich literature on flavour violation in supersymmetric 
theories. A rather complete collection of references can be found in a paper 
from my group [77], where the supersymmetric flavour (SF) models have 
been analyzed in great detail. We will now conflne our discussion to these 
models. 

The general MSSM framework with very many new flavour parameters 
in the soft sector is not terribly predictive and is plagued by flavour and CP 
problems: FCNC processes and electric dipole moments are generically well 
above the experimental data and upper bounds, respectively. Moreover the 
MSSM framework addressing primarily the gauge hierarchy problem and 
the quadratic divergences in the Higgs mass does not provide automatically 
the hierarchical pattern of quark and lepton masses and of FCNC and CP 
violating interactions. 

Much more interesting from this point of view are supersymmetric mod- 
els with flavour symmetries that allow for a simultaneous understanding of 
the flavour structures in the Yukawa couplings and in SUSY soft-breaking 
terms, adequately suppressing FCNC and CP violating phenomena and solv- 
ing SUSY flavour and CP problems. 

The SF models can be divided into two broad classes depending on 
whether they are based on abelian or non-abelian flavour symmetries. More- 
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over, their phenomenological output crucially depends on whether the flavour 
and CP violations are governed by left-handed (LH) currents or there is an 
important new right-handed (RH) current component [77] • They can be con- 
sidered as generalisations of the Froggatt-Nielsen mechanism for generating 
hierarchies in fermion masses and their interactions but are phenomenolog- 
ically much more successful than the original Froggatt-Nielsen model |163| . 
There is a rich literature on SF models and I cannot refer to all of them 
here. Again a rather complete list of references can be found in [77]. I will 
now summarize the results obtained in this paper. See also |164| . 

In [77] we have performed an extensive study of processes governed by 
6 — >• s transitions in the SF models and of their correlations with processes 
governed by 6 — t- d transitions, s — t- d transitions, — mixing, LFV 
decays, electric dipole moments and (g — 2)^. Both abelian and non-abelian 
flavour models have been considered as well as the flavour blind MSSM 
(FBMSSM) and the MSSM with MFV. It has been shown how the char- 
acteristic patterns of correlations among the considered flavour observables 
allow to distinguish between these different SUSY scenarios and also to 
distinguish them from RSc and LHT scenarios of NP. 

Of particular importance in our study were the correlations between the 
CP asymmetry S'^^ and Bg — t- ij,^fi~, between the observed anomalies in 
Sfj,Ks and Sjp^, between Sfj,Ks de, between 5^^ and {g — 2)^ and also 
those involving LFV decays. 

In the context of our study of the SF models we have analysed the 
following representative scenarios: 

1. Dominance of RH currents (abelian model by Agashe and Carone 

mi), 

2. Comparable LH and RH currents with CKM-like mixing angles repre- 
sented by the special version (RVV2) of the non abelian SU{3) model 
by Ross, Velasco and Vives |166j as discussed in |167j . 

3. In the second non abelian SU{3) model by Antusch, King and Malin- 
sky (AKM) |168j analyzed by us the RH contributions are CKM-like 
but new LH contributions in contrast to the RVV2 model can be sup- 
pressed arbitrarily at the high scale. Still they can be generated by 
RG effects at lower scales. To first approximation the version of this 
model considered by us can be characterized by NP being dominated 
by CKM-like RH currents. 

4. Dominance of CKM-like LH currents in non-abelian models |169j . 

In the choice of these four classes of flavour models, we were guided by 
our model independent analysis in Section 2 of our paper, that I cannot 
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present here because of the lack of space. Indeed these three scenarios 
predicting quite different patterns of flavour violation should give a good 
representation of most SF models discussed in the literature. The distinct 
patterns of flavour violation found in each scenario have been illustrated 
with several plots that can be found in figures 11-14 of |77| . 

The main messages from our analysis of the models in question are as 
follows: 

1. Supersymmetric models with RH currents (AC, RVV2, AKM) and 
those with exclusively LH currents can be globally distinguished by the 
values of the CP-asymmetries 5^^ and Sif,Ks with the following important 
result: none of the models considered by us can simultaneously explain the 
^i/j^ and S(j,Kg anomalies observed in the data. In the models with RH 
currents, can naturally be much larger than its SM value, while S(f)Kg 
remains either SM-like or its correlation with S^^ is inconsistent with the 
data. On the contrary, in the models with LH currents only, S^fp remains 
SM-like, while the S^Xg anomaly can be easily explained. Thus already 
future precise measurements of S^^ and S^^Ks '^i^l select one of these two 
classes of models, if any. 

2. The desire to explain the 5^^ anomaly within the models with 
RH currents unambiguously implies, in the case of the AC and the AKM 
models, values of Br(i?jj — )• fi'^fi~) as high as several 10~^. In the RVV2 
model such values are also possible but not necessarily implied by the large 
value of S^tf). Interestingly, in all these models large values of S^^ can 
also privide the solution to the {g — 2)^ anomaly. Moreover, the ratio 
Bi{Bd /x+/x")/Br(5s in the AC and RVV2 models is dom- 
inantly below its MFV prediction and can be much smaller than the latter. 
In the AKM model this ratio stays much closer to the MFV value of roughly 
1/33 [59 p7Uj and can be smaller or larger than this value with equal prob- 
ability. Still, values of Br^B^ — )■ ^'^ as high as 1 x 10~^ are possible in 
all these models. 

3. In the RVV2 and the AKM models, a large value of S^^ combined 
with the desire to explain the {g — 2)^ anomaly implies Br{iJL — >■ 67) in 
the reach of the MEG experiment. In the case of the RVV2 model, de > 
10~^^ e.cm. is predicted, while in the AKM model it is typically smaller. 
Moreover, in the case of the RVV2 model, Br{T — t- fi'y) > 10~^ is then in 
the reach of Super-B machines, while this is not the case in the AKM model. 

4. Next, while the abelian AC model resolves the present UT tensions 
|171H178] to be discussed in Section 6 through the modification of the ratio 
AM^/AMg, the non-abelian flavour models RVV2 and AKM provide the 
solution through NP contributions to ex- Moreover, while the AC model 
predicts sizable NP contributions to — mixing, such contributions are 
tiny in the RVV2 and AKM models. 
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5. The hadronic EDMs represent very sensitive probes of SUSY flavour 
models with RH currents. In the AC model, large values for the neutron 
EDM might be easily generated by both the up- and strange-quark (C)EDM. 
In the former case, visible CPV effects in — mixing are also expected 
while in the latter case large CPV effects in the Bg system are unavoidable. 
The RVV2 and AKM models predict values for the down-quark (C)EDM 
and, hence for the neutron EDM, above the ~ 10~^®e cm level when a 
large S^p^ is generated. All the above models predict a large strange-quark 
(C)EDM, hence, a reliable knowledge of its contribution to the hadronic 
EDMs, by means of lattice QCD techniques, would be of the utmost impor- 
tance to probe or to falsify flavour models embedded in a SUSY framework. 

6. In the supersymmetric models with exclusively LH currents, the 
desire to explain the S^Xg anomaly implies also the solution to the {g — 2)^ 
anomaly and the direct CP asymmetry in 6 —t- 57 much larger than its 
SM value. This is in contrast to the models with RH currents where this 
asymmetry remains SM-like. 

7. Interestingly, in the LH-current-models, the ratio Br[Bd — )• fi^^^) 
over Br{Bs — ?• fi~^fJ.~) can not only deviate significantly from its MFV value 
of approximately 1/33, but in contrast to the models with RH currents con- 
sidered by us can also be much larger than the latter value. Consequently, 
Br{B(i — )• fj,~^fi~) as high as (1 — 2) x 10~^ is still possible while being 
consistent with the bounds on all other observables, in particular the one 
on Br{Bs — )■ Also interesting correlations between S^/fg and CP 
asymmetries in B ^ K*£^i~ are found. 

8. The branching ratios for K — t- vrz/P decays in the supersymmetric 
models considered by us remain SM-like and can be distinguished from RSc 
and LHT models where they can be significantly enhanced. 

9. In [179j a closer look at CP violation in — mixing within 
the SUSY alignment models has been made (see also point 5 above). Such 
models naturally account for large, non-standard effects in — mixing 
and within such models detectable CP violating effects in — mixing 
would unambiguously imply a lower bound for the electric dipole moment 
(EDM) of hadronic systems, like the neutron EDM and the mercury EDM, 
in the reach of future experimental sensitivities. This correlation distin- 
guishes the alignment models from gauge-mediated SUSY breaking models, 
SUSY models with MFV and non-Abelian SUSY flavour models discussed 
above. 

5.9. Supersymmetric SU{5) GUT with RH neutrinos (RN): SSU{5)ji^ 

We will next consider a supersymmetric SU (5) GUT enriched by right- 
handed neutrinos (S'«S'C/(5)rn) accounting for the neutrino masses and mix- 
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ing angles by means of a type-I see-saw mechanism. Since SUSY-GUTS 
generally predict FCNC and CP violating processes to occur both in the lep- 
tonic and hadronic sectors, we have performed in |180j an extensive study of 
FCNC and CP Violation in both sectors, analyzing possible hadron/lepton 
correlations among observables. In particular, we have monitored how in 
this framework the tensions observed in the UT analysis can be resolved. For 
previous studies of hadron /lepton correlations in this framework see |181j . 

It should be emphasized that in this framework, in which flavour sym- 
metries of the type discussed in the previous subsection are absent, it is not 
possible to link model independently transitions like // — t- 67 and 6 — ?• s or 
r — )• fij and s ^ d. On the other hand the correlations between leptonic and 
hadronic processes taking place between the same generations like — )• e 7 
and s— )-(iorr— )-/U7 and 6—7-5 transitions exist. 

The main results of our study of the s — )■ d transitions and of their 
correlations with the /i — t- e transitions are 

1. Sizable SUSY effects in ex, that might be desirable to solve the UT 
anomalies, generally imply a lower bound for Br{fi — )■ ej) in the reach of 
the MEG experiment. Furthermore, the simultaneous requirement of an 
explaination for both the {g — 2)^ and the UT anomalies would typically 
imply Br{n — )■ 67) > 10"^^. 

2. The requirement of sizable non-standard effects in ek always implies 
large values for the electron and neutron EDMs, in the reach of the planned 
experimental resolutions. 

3. Finally, as in the SF models, Br{Kl 
remain SM-like. 

The main results of our study of the b ^ s transitions and of their 
correlations with the t ^ fi transitions are 

4. Non-standard values for S^fj, imply a lower bound for Br{T — )• ^7) 
within the reach of Belle II and the SEE. However, the {g — 2)^ anomaly 
can be solved only for large tan/3 values where we find \S^^\ < 0.2 for 
Aa^u^"^ > 1 X 10"^ while being still compatible with the constraints from 
Br{T — )• fij). 

5. S^Ks remains SM-like to a very good extent and consequently the 
solution of the UT anomalies by means of CPV effects in 6 — >■ d mixing is not 
possible. However, the UT anomalies can be solved by means of a negative 
NP contribution to AM^/AM^, implying a lower bound for Br{T — )• fij) 
within the reach of Belle II and the SEE and large values for the angle 7. 
This scenario will be probed or falsified quite soon at the LHCb through a 
precise tree level measurement of the latter UT angle. 

6. Both Br{Bs — )• /^^/^~) and Br{Bii — )• n'^n') can reach large non- 
standard values. However, sizable departures from the MEV prediction 
Br{Bs — ^ fi'^ ji^)/ Br{Bd — w |Vjs/Vidp would imply large values 
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for i?r(r — t- fi^), again well within the reach of Belle II and the SFF. 

7. The dileptonic asymmetry can sizably depart from the SM ex- 
pectations but the large value reported by the Tevatron j244j cannot be 
accounted for within the 5'5'C/(5)rn model. In particular, we find that 
^SL ~ ^-^ ^SL since A^^ remains SM-like. 

8. We also find that CPV effects in - D° mixing are negligibly small. 

9. The asymmetry iS^Xs can sizably depart from the SM expectations 
and it turns out to be correlated with S^^. In particular, it is possible 
to simultaneously account for an enhancement of S^ip and a suppression of 
SipKs (relative to S^Ks) a-s required by the data. 

This model shares many properties with the RVV2 model but the last 
property on our list provides an important distinction between S5'C/(5)rn 
and the RVV2 model as well as other SF models discussed in the previous 
subsection which we want to emphasize here: 

10. As stressed in the point 1 of the previous subsection none of the 
models discussed in [77] was able to simultaneously account for the cur- 
rent data for S^pcf, and SffyXg-, in contrast to the <S'5C/(5)rn model discussed 
here. The reason for this can be traced back recalling that the suppres- 
sion of S^Ks relative to S^Ks ^ required by the data can be achieved only 
at moderate/low tan/3 values. For such values of tan/3 5^^ receives the 
dominant contributions from gluino/squark boxes, which in principle could 
allow simultaneously an enhancement of this asymmetry. Yet such effects 
are strongly constrained in the SF models either by — mixing (in the 
case of Abelian flavour models) or by — mixing (in the case of non- 
Abelian flavour models). Consequently, in this region of parameter space 
5^0 cannot be large in these models. In fact S^tf, receives in these models 
large values only at large tan (5 (by means of the double Higgs penguin ex- 
change) where the sign of the correlation between 5^0 and S^Ks is found to 
be opposite to data [77], that is S^Ks is enhanced rather than suppressed. 
In constrast, the SU{h)Ym model predicts unobservable effects for — 
mixing while the NP effects in - K° are generally unrelated to those 
entering — mixing and therefore the tight bounds from ek can be 
always avoided. Therefore at moderate/low tan/3 the suppression of S^Ks 
and simultaneous sizable enhancement of can be obtained. 

11. Also the comparison with models dominated by LH-currents such as 
(5LL SF models, FBMSSM discussed below or the SM4 is interesting. Indeed 
in these models the asymmetries Sn'Ks a-^^d S^Ks ^-re either both suppressed 
or both enhanced relative to the S^Kg . In the case of SSU (5)r,n they exhibit 
opposite deviations from the latter asymmetry. That is a suppression of 
S,f,Ks ^s required by the data implies an enhancement of S^iKg that is still 
consistent with the data within the experimental uncertainties even if a 
slight suppression is favoured. 
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Finally, in this context let us recall that within the SM4 the correla- 
tion between S^p^ and in Sfj,Ks is qualitatively similar to the one found 
in the SSU{5)jiN model, that is with increasing S^^ the asymmetry S^p^s 
decreases in accordance with the data |1431ll47lll51] . In this sence the corre- 
lation between S^'Kb ^<pKs provides an interesting distinction between 
SSU{5)rn and the SM4 as we just emphasized. 

5.10. The flavour blind MSSM (FBMSSM) 

The flavour blind MSSM (FBMSSM) scenario [TTHZS] having new FBPs 
in the soft sector belongs actually to the class of MFV models but as the 
functions Fi become complex quantities and it is a supersymmetric frame- 
work we mention this model here. In fact our analysis of this scenario in [72] 
preceded our detailed analysis of SF models that we just summarized. 

The FBMSSM has fewer parameters than the general MSSM implying 
striking correlations between various observables that we list below. These 
correlations originate in the fact that the SUSY contributions to S^Ks^ 
^cpib ~^ sj) and the EDMs are generated by the same CP violating in- 
variant Atfi. On the operator level the magnetic photon penguin operator in 
the case of 6 — )• 57 and magnetic gluon penguin in the case S^^Ks play here 
the crucial role in the NP sector and as these are dipole operators also cor- 
relations with EDMs and under mild assumptions with {g — 2)^ exist. While 
this framework is of MFV or even better of MFV type, it does not belong 
to the CMFV framework as scalar exchanges can enhance Bs^d — ^ A*"''/^" by 
an order of magnitude. 

The main messages from this analysis are as follows: 

1. We find that SffyKg and Sr^iKs can both differ from S^Ks with the 
effect being typically by a factor of 1.5 larger in Si^Ks in agreement with the 
pattern observed in the data. Most interestingly, we find that the desire of 
reproducing the observed low values of S^Ks and S^'Ks implies uniquely: 

2. Lower bounds on the electron and neutron EDMs de,n ^ 10~^^ ecm. 

3. Positive and sizable (non-standard) Acp{b — )• 57) asymmetry in the 
ballpark of 1% — 5%, that is having an opposite sign to the SM one. 

4. The NP effects in S^Ks and AM^/AM^ are very small so that these 
observables determine the coupling Vtd-, its phase —(3 and its magnitude \ Vtd\-, 
without significant NP pollution. In particular we find 7 = 63.5° ±4.7° and 
\Vub\ = (3.5 lb 0.2) • 10~^. We remark that the latter value differs from the 
one coming from inclusive determinations and consequently from the one 
favoured by the RHMFV scenario discussed soon. 

5. \eK\ turns out to be uniquely enhanced over its SM value up to a level 
of 15% softening the ek anomaly that we will discuss in the next section. 
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6. Only small effects in 5*^0 which could, however, be still visible through 
the semileptonic asymmetry Agj^. 

7. A natural explanation of the {g — 2)^ anomaly (under very mild 
assumptions). 

The FBMSSM belongs to the more general models with MFV discussed 
in [66] and shares several properties with supersymmetric models of the 5LL 
type. The major difference discriminating these two scenarios regards their 
predictions for the leptonic and hadronic EDMs. The lower bounds on these 
observables are significantly stronger within the FBMSSM if one wants to 
eliminate the S^Xg anomaly. Thus the SUSY non-MFV models with purely 
left-handed currents like 5LL can easier survive the future data. Yet both 
models will have problems if the UT-tensions and the 5^,^ anomaly will be 
confirmed by more accurate data. 

5.11. The Minimal Effective Model with Right-handed Currents:RHMFV 

One of the main properties of the Standard Model (SM) regarding 
flavour violating processes is the LH structure of the charged currents that 
is in accordance with the maximal violation of parity observed in low energy 
processes. LH charged currents encode at the level of the Lagrangian the 
full information about flavour mixing and CP violation represented com- 
pactly by the CKM matrix. Due to the GIM mechanism this structure has 
automatically profound implications for the pattern of FCNC processes that 
seems to be remarkably in accordance with the present data within theo- 
retical and experimental uncertainties, bearing in mind certain anomalies 
which will be discussed below and in the next Section. 

Yet, the SM is expected to be only the low-energy limit of a more fun- 
damental theory in which in principle parity could be a good symmetry im- 
plying the existence of RH charged currents. Prominent examples of such 
fundamental theories are left-right symmetric models on which a rich liter- 
ature exists. We have seen that some SF models discussed above contained 
RH currents as well. 

Left-right symmetric models were born 35 years ago |182H187] and ex- 
tensive analyses of many observables can be found in the literature (see 
e.g. |188H190] and references therein). Renewed theoretical interest in mod- 
els with an underlying SU{2)l x SU{2)r global symmetry has also been 
motivated by Higgsless models |191H194] . However, the recent phenomeno- 
logical interest in making another look at the right-handed currents in gen- 
eral, and not necessarily in the context of a given left-right symmetric model, 
originated in tensions between inclusive and exclusive determinations of the 
elements of the CKM matrix ll^^l and \ Vcb\- It could be that these tensions 
are due to the underestimate of theoretical and / or experimental uncertain- 
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ties. Yet, it is a fact, as pointed out and analyzed recently in particular 
in |195yi96] , that the presence of right-handed currents could either remove 
or significantly weaken some of these tensions, especially in the case of |V^f,|. 

Assuming that RH currents provide the solution to the problem at hand, 
there is an important question whether the strength of RH currents required 
for this purpose is consistent with other observables and whether it implies 
new effects somewhere else that could be used to test this idea more globally. 

This question has been addressed in [S3]. The starting point of our 
analysis is the assumption that the SM is the low-energy limit of a more 
fundamental theory. We don't know the exact structure of this theory, but 
we assume that in the high-energy limit it is left-right symmetric. The 
difference of LH and RH sectors observed in the SM is only a low-energy 
property, due to appropriate symmetry-breaking terms. 

In particular, we assume that the theory has a SU{2)l x SU{2)ji x 
U{1)b-l global symmetry, explicitly broken only in the Yukawa sector and 
by the U{1)y gauge coupling. Under this symmetry the SM quark fields can 
be grouped into three sets of LH or RH doublets with B — L charge 1/3: 



With this assignment the SM hypercharge is given by y = T^r + (B — L)/2. 
In order to recover the SM electroweak gauge group, we assume that only the 
SU{2) L and C/(l)y subgroups of SU{2) l x S'C/(2)r x U{1) b-l are eff'ectively 
gauged below the TeV scale. In close analogy we can introduce three sets 
of LH and RH leptons, and (including three RH neutrinos), with 
B-L = -l. 

In our effective theory approach for the study of RH currents [53] the cen- 
tral role is played by a left-right symmetric flavour group SU{3) l x SU{3)ji, 
commuting with an underlying SU {2)l x SU (2)^ x U{1)b~l global symme- 
try and broken only by two Yukawa couplings. The model contains a new 
unitary matrix V controlling flavour-mixing in the RH sector and can be 
considered as the minimally flavour violating generalization to the RH sec- 
tor. Thus bearing in mind that this model contains non-MFV interactions 
from the point of view of the standard MFV hypothesis that includes only 
LH charged currents, we decided to call this model RHMFV. 

The new mixing matrix V can be parametrized in terms of 3 real mixing 
angles and 6 complex phases. Adopting the standard CKM phase conven- 
tion, where the 5 relative phases of the quark fields are adjusted to remove 
5 complex phases from the CKM matrix, we have no more freedom to re- 
move the 6 complex phases from V. In passing let us remark that the same 
comments apply to the Vffd and Vhi matrices in the mirror fermion sector 
of the LHT model. 
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In the standard CKM basis V can be parametrized as follows 

V = DuVoDI , (56) 

where Vq is a "CKM-like" mixing matrix, containing only one non-trivial 
phase and Djj^u are diagonal matrices containing the remaining CP-violating 
phases. It turned out to be useful to choose the following parametrization 
of Vq attributing the non-trivial phase of this matrix to the 2 — 3 mixing, 
such that 

C12C13 S12C13 Si3 

Vn = I -S12C23 - Ci2S23Sl3e"*"^ C12C23 - Si2S23Sl3e~"f' S23Ci3e~"f' 
-C12C23S13 + 5125236*''^ -S12C23S13 - S23Cl2e*'^ C23C13 



(57) 



and 



Du = diag(l,e*'^2,e*'^3) , Dd = diag(e*<^i , e^-^a , e*<^3) . (58) 



Having this set-up at hand we have performed a detailed phenomenology 
of RH currents, taking all tree level constraints into account and solving the 
Vub problem in this manner. It should be emphasised that this solution 
chooses the inclusive value of \Vub\ as the true value of this CKM element 
and our best value turned out to be in the ballpark of (4.1 it 0.2) x 10~^ 
implying in turn 

sin 2/? = 0.77 ±0.05 , (59) 

a value much larger than the measured value of S^Ks — 0.672 it 0.023. This 
has profound implications as we will see below. 

Returning to the RH mixing matrix we find that a good description of 
the tree level data is provided by the matrix 




Vq= -Si2 Ci2 , (60) 



where §12 is free, provided that sgn(ci3Si2) = —1. Other still possible but 
less interesting cases are considered in [53]. 

The novel feature of our analysis as compared with |195j is the determi- 
nation of the full right-handed matrix, and not only its selected elements, 
making use of its unitarity. We also find that while RH currents are very 
welcome to solve the "|V^f,| problem" they do not have a significant impact 
on the determination of \Vcb\ (as also pointed out in |197| ). 

The matrix Vq in (|60p has then been used in our analysis of FCNCs. In 
fact the particular structure of this matrix is a key ingredient to generate 
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Mixing term 


s ^ d 




b ^ s 






v;,Vtd « x^e-'^ 


V*Vts ~ -X^e-'^^ 


VuVt, 









Tabic 1. Mixing structures relevant to the three down- type AF = 2 and FCNC 
amplitudes in the SM (LH sector) and in the RH sector. In the SM case approx- 
imate expressions of the CKM factors expanded in powers of A = \Vus\ are also 
shown. In the RH case the parametrization for the RH matrix is the one in ([BO)) . 



a sizable non-standard contribution to S^tf,. As a result, after we require 
a large S^^, most of our conclusions listed below do not depend on the 
choice of this ansatz. It should also be stressed that, contrary to the CKM 
case, having a zero in Vq does not prevent non- vanishing CP-violating effects 
thanks to the extra phases in ()58p . 

The mixing structures relevant to the three down-type AF = 2 and 
FCNC amplitudes in the SM (LH sector) and in the RH sector are shown 
in Table [H We observe that the ci2 and si2 dependencies in the three 
systems considered are non-universal with the observables in the ET-mixing, 
Bd mixing and i?s-mixing dominated by C12S12, c\2 and §12, respectively. 
Since both AS = 2 and mixing are strongly constrained, and the data 
from CDF and DO give some hints for sizable NP contributions in the B^ 
mixing, it is natural to assume that c\2 <^ 1. The phenomenological analysis 
is then rather constrained. 

Before presenting the main results of our analysis let us emphasise that 
the non-standard contributions to AS = 2 amplitudes are exceedingly large 
compared to the SM term (and compared with data) unless the Wilson 
coefficients of the relevant operators 

QY^^ = {s^j^Pjid^)(s^j^^PRd^), QY' = (s^^^.PLd''){s^^^PRd^), (61) 

are very small. This can be for instance achieved if one of the two mixing 
terms C12 or S12 is very small. The most problematic is the second operator 
for which the Pi parameter in (j26p takes the value P^^^K) w —52 to be 
compared with p^^^ 0.5. Due to the {V — A) x {V + A) structure of 
Qi^, its contributions are known to be strongly enhanced at low energies 
through renormalization group effects and in the case of £k and AMk 
through its chirally enhanced hadronic matrix elements. Consequently these 
observables put severe constraints on the model parameters as known from 
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various studies in explicit left-right symmetric models |188j and also RS 
models. 

Having determined the size and the flavour structure of RH currents 
that is consistent with the present data on tree level processes and which 
removes the "|V^fe| -problem", we have investigated how this NP would man- 
ifest itself in neutral current processes, including particle-antiparticle mix- 
ing, Z — )■ 66, — )• B — )• {Xg, K, K*}!^!? and K — )■ TTiyj? decays. 
Most importantly, we have also addressed the possibility to explain a non- 
standard CP-violating phase in Bg mixing in this context and the issue of 
the anomalies in the UT-triangle. 

The main messages from our analysis of these processes are as follows: 

1. The desire to generate large CP-violating effects in S^-mixing, hinted 
for by the enhanced value of S^^ observed by the CDF and DO collabora- 
tions, in conjunction with the e;^-constraint, implies additional constraints 
on the shape of V. In particular ci2 <C 1 and consequently si2 ~ 1. The 
pattern of deviations from the SM in this model is then as follows. 

2. The S^tf) and ex anomalies can be understood. 

3. As a consequence of the large value of si2, it should be possible to 
resolve the presence of RH currents also in s — t- n charged-current transi- 
tions. Here RH currents imply a 0(10"^) deviation in the determination of 
\Vus\ from K — t- irii/ and K ^ (.v decays. 

4. The "true value" of sin 2/3 determined in our framework, namely the 
determination of the CKM phase /? on the basis of the tree-level processes 
only, and in particular of \ Vub\^ is sin 2/3 = 0.77 it 0.05. This result is roughly 
2(7 larger than the measured value S^Ks = 0.672 it 0.023. This is a property 
of any explanation of the 1 -problem" by means of RH currents, unless 
the value of | Vuh \ from inclusive decays will turn out to be much lower than 
determined presently. 

5. In general, such a discrepancy could be removed by a negative new 
CP-violating phase ^pB^i iii ^d~^d mixing. However, we have demonstrated 
that this is not possible in the present framework once the £k constraint is 
imposed and large S^^j) is required. Indeed as seen in Table [1] for ci2 <C 1 
the NP effects in S^Ks tiny. Thus we pointed out that simultaneous 
explanation of the "| 14;, [-problem" , of S^Ks = 0.672 it 0.023 and large 5^^ 
is problematic through RH currents alone. 

6. The present constraints from Bg ^ — )■ /i'^/x^ eliminate the possibility 
of removing the known anomaly in the Z ^ bb decay with the help of 
RH currents. On top of it, the constraint from B — t- Xgl^l^ precludes 
Bg — )• IJ'~^IJ'~ to be close to its present experimental bound. However, still 
values as high as 1 • 10~^ are possible. Moreover NP effects in Bd £~^i~ 
are found generally smaller than in Bg — )• £~^l~ . 

7. Contributions from RH currents to -B — t- {Xg, K, K*}uv' and K — t- 
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TTi'iy decays can still be significant. Most important, the deviations from the 
SM in these decays would exhibit a well-defined pattern of correlations. 

Thus our analysis casts a shadow on the explanation of the -problem 
with the help of RH currents alone unless the anomaly goes away and 
ci2 can be large solving the problem with S^Ks naturally. 

Particularly interesting is the comparison with the 2HDMj^jpy model, 
where the S^^ and ex anomalies can also be accommodated [2] as seen 
in our presentation of this model. What clearly distinguishes these two 
models at low-energies is how they face the -problem" (which can be 
solved only in the RHMFV case) and the "sin 2(3-S^k tension" (which can 
be softened only in the 2HDM case). But also the future results on rare B 
and K decays listed above could in principle help to distinguish these two 
general NP frameworks. 

Restricting the discussion to these two NP frameworks, it appears that 
a model with an extended scalar sector and RH currents could provide 
solutions to all the existing tensions in flavour physics simultaneously. This 
possibility can certainly be realized in explicit left-right symmetric models, 
where an extended Higgs sector is also required to break the extended gauge 
symmetry. However, these extensions contain many free parameters and 
clear cut conclusions on the pattern of flavour violation cannot be as easily 
reached as it was possible in the simple frameworks like RHMFV [53] and 
2HDM ]yjpy [51] . A nice short summary of our results on RHMFV has been 
presented in [198] . 

5.12. A Randall- Sundrum Model with Custodial Protection 

When the number of space-time dimensions is increased, new solutions to 
the hierarchy problems are possible. Most ambitious proposals are models 
with a warped extra dimension first proposed by Randall and Sandrum 
(RS) |199j which provide a geometrical explanation of the hierarchy between 
the Planck scale and the EW scale. Moreover, when the SM fields, except 
for the Higgs field, are allowed to propagate in the bulk |200H202] . these 
models naturally generate the hierarchies in the fermion masses and mixing 
angles [20111202] through different localisations of the fermions in the bulk. 
Yet, this way of explaining the hierarchies in masses and mixings necessarly 
implies FCNC transitions at the tree level [203H206] . Most problematic is 
the parameter ek which receives tree level KK gluon contributions and some 
fine-tuning of parameters in the fiavour sector is necessary in order to achieve 
consistency with the data for KK scales in the reach of the LHC |205y207] . 

Once this fine-tuning is made, the RS-GIM mechanism [203^1204] . com- 
bined with an additional custodial protection of flavour violating Z cou- 
plings [2U7H209] ■ allows yet to achieve the agreement with existing data for 
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other observables without an additional fine tuning of parameter^. New 
theoretical ideas addressing the issue of large FCNC transitions in the RS 
framework and proposing new protection mechanisms occasionally leading 
to MFV can be found in [2T0H2T5] . 

Entering some details it should be emphasised that to avoid problems 
with electroweak precision tests (EWPT) and FCNC processes, the gauge 
group is generally larger than the SM gauge group |194y216tl217j : 

Grsc = SU{3)c X SU{2)l X SU{2)r x U{l)x (62) 

and similarly to the LHT model new heavy gauge bosons are present. The 
increased symmetry provides a custodial protection. We will denote such 
framework by RSc. 

The lightest new gauge bosons are the KK-gluons, the KK-photon and 
the electroweak KK gauge bosons W^, W'^, Zh and Z', all with masses 
Mkk around 2 — 3TeV as required by the consistency with the EWPT |194[ 
I216|,I217] . The fermion sector is enriched through heavy KK-fermions (some 
of them with exotic electric charges) that could in principle be discovered 
at the LHC. The fermion content of this model is explicitly given in |218| . 
where also a complete set of Feynman rules has been worked out. Detailed 
analyses of electroweak precision tests and of the parameter ek in a RS 
model without and with custodial protection can also be found in |219p220] . 
These authors analyzed also rare and non-leptonic decays in [221j . Possible 
flavour protections in warped Higgsless models have been presented in |214j . 

Here we summarize the main results obtained in Munich: 

1. The CP asymmetry S^^f, can reach values as high as 0.8 to be com- 
pared with its SM value 0.04. 

2. The branching ratios for — )• -n'^vv, Kl — ^ vr'^z/P, Kl — )• vr'^/+/~ 
can be enhanced relative to the SM expectations up to factors of 1.6, 
2.5 and 1.4, respectively, when only moderate flne tuning in ek is re- 
quired. Otherwise the enhancements can be larger. Br{K^ — ?• vr+z^P) and 
Bt^Kl — ?• TT^uv) can be simultaneously enhanced but this is not neces- 
sary as the correlation between these two branching ratios is not evident 
in this model. On the other hand Br^Ki — t- -k^vv) and Br{Ki — t- tt^I'^I") 
{I = e, fi) are strongly correlated and the enhancement of one of these three 
branching ratios implies the enhancement of the remaining two. 

3. A large enhancement of the short distance part of Br{KL — )■ ^^/.t^) 
is possible, up to a factor of 2-3, but not simultaneously with Br{K~^ — ?• 

4. More importantly simultaneous large NP effects in S^^ and K — )• Truiy 
channels are very unlikely and this feature is even more pronounced than 
in the LHT model. 



^ See however comments at the end of this subsection. 
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5. The branching ratios for Bg^d — ^ A'^M^ ^ ~^ Xg^d^v remain 
SM-like: the maximal enhancements of these branching ratios amount to 
15%. 

6. The relations |15 y222j between various observables present in models 
with CMFV can be strongly violated. 

In particular this pattern of flavour violation implies that in the case 
of the confirmation of large values of by future experiments significant 
deviations of Br{KL tt^uu) and Br{K~^ — )• t:~^vi>) from their SM values 
in this framework similarly to the LHT model are very unlikely. On the 
other hand SM-like value of S^^f, will open the road for large enhancements 
of these branching ratios that could be tested by KOTO at J-Parc and NA62 
at CERN, respectively. 

Next, let me just mention that large NP contributions in the RS frame- 
work that require some tunings of parameters in order to be in agree- 
ment with the experimental data have been found in Br{B — t- Xg^) |223| . 
Br{^l 67) [2214225] and EDM's [2D11[227], that are ah dominated by 
dipole operators. Also the new contributions to e'/e can be large |228j . 
Moreover it appears that the fine tunings in this ratio are not consistent 
necessarily with the ones required in the case of ex- 

Finally a personal comment. My excursion into the fifth dimension was 
very interesting and I learned a lot about the structure of weak interactions 
in this NP scenario. Yet after this study I am sceptical that the nature is so 
violent to provide this physics already at the LHC scales. Therefore I am 
delighted to be back in D = 4. 

Having said this let me stress that many of the ideas and concepts that 
characterize most of the physics discussed above do not rely on the assump- 
tion of additional dimensionslfl As indicated by AdS/CFT correspondence 
we can regard RS models as a mere computational tool for certain strongly 
coupled theories. This had already an important impact on the study of 
dynamical electroweak symmetry breaking and can be used to make 4D 
techni-colour or composite Higgs models more realistic [194^229] . The par- 
ticular mechanism for example that is employed in RS to give masses to 
the SM fields is a realization of an old 4D idea which is known as partial 
compositeness |230j (a simple 4D effective theory using a two site model 
has been proposed recently |231j ). The fact that the 4D description of RS 
looks like a theory with a conformal window allows us to explain the hierar- 
chies in the flavour sector as a result of conformal dynamics. Thus after all 
this physics could turn out to be useful also for strong dynamics in 4D and 
if such physics will show up at LHC, the techniques developed in the last 
decade will certainly play an important role in the phenomenology to which 



I would like to thank Andreas Weiler for discussions related to this point. 
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Table 2. "DNA" of flavour physics effects for the most interesting observables in a 
selection of SUSY models, -j^^^ signals large NP effects, -^-^ moderate to small 
NP effects and ^ implies that the given model does not predict visible NP effects 
in that observable. From [77| and |180) . 



I hope to be able to contribute again. 

5.13. "DN As" of Flavour Models 

The "DNA's" of flavour physics effects for the most interesting observ- 
ables constructed in [T^ and extended by the recent results obtained in the 
2HDMj^, SM4, RHMFV and SSU{h)w are presented in Tables [2] and 
[3l These tables only indicate whether large, moderate or small NP effects 
in a given observable are still allowed in a given model but do not exhibit 
correlations between various observables characteristic for a given model. 
Still they could turn out to be useful in eliminating models in which large 
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Table 3. "DNA" of flavour physics effects for the most interesting observables in a 
selection of non-SUSY models, ifirif signals large NP effects, ifif moderate to 
small NP effects and implies that the given model does not predict visible NP 
effects in that observable. Empty spaces reflect my present ignorance about the 
given entry. 



NP effects for certain observables, hopefully seen soon in the data, are not 
possible. 



Concerning correlations we have discussed them above and they will 
also enter the discussion below. In Table H] the references to papers from 
my group that analyzed various correlations in all models discussed above 
have been collected for convenience. 
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Model 


Reference 


CMFV 




2HDMj^ 


MM 


ACD Model 




LH 


llUUlllUlj 


LHT 


|lU8lll21j 


SM4 


[151H153j 


AC, RVV2, AMK, 6LL 


|77l|l79j 


SSUi5)RN 


USD] 


FBMSSM 


m 


RHMFV 




RSc 


|2()7ll2()«j 



Tabic 4. References to correlations in various models. 

6. Facing Anomalies and Distinguishing between Various BSM 
Models through Correlations 

6.1. Preliminaries 

Armed with the information on patterns of flavour violation in a large 
number of concrete models and NP scenarios, we will now look from a 
different angle at various anomalies observed in the data. The readers, who 
followed the previous sections will notice certain repetitions of statements 
made before but now these statements are in a different context and could 
be useful anyway. On the other hand the readers who skept all previous 
sections should be able, because of these repetitions, to follow this section, 
only occassionally looking up the summaries of specific models presented 
before. 



6.2. The ek — S^Ks Anomaly 

It has been pointed out in |172^I173] that the SM prediction for ek 
implied by the measured value of S^Ks = sin 2/?, the ratio AMf^/AMg and 
the value of \Vcb\ turns out to be too small to agree well with experiment. 
This tension between ek and S^Ks has been pointed out from a different 
perspective in |17Hll74ltl76j . These findings have been confirmed by a 
UTfitters analysis |177| . The CKMfitters having a different treatment of 
uncertainties find less significant effects |178| . 

The main reasons for this tension are on the one hand a decreased value 
of the relevant non-perturbative parameter Bk = 0.724 it 0.008 it 0.028 [SI] 
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resulting from unquenched lattice calculations and on the other hand 
the decreased value of £k in the SM arising from a multiplicative factor, 
estimated first to be = 0.92 it 0.02 [172j . This factor took into account 
the departure of (ps from 7r/4 and the long distance (LD) effects in Imri2 in 
the — mixing. The recent inclusion of LD effects in ImMi2 modified 
this estimate to = 0.94 ± 0.02 [MI]- Very recently also NNLO-QCD 
corrections to the QCD factor r]ct in £k j43j have been calculated enhancing 
the value of ek by 3%. Thus while in |172j the value jei^IsM = (1.78±0.25) • 
10-3 has been quoted and with the new estimate of LD effects and new input 
one finds |ej^|sM = (1-85 it 0.22) • 10"'^, including NNLO corrections gives 
the new value [43] 

|eir|sM = (1.90 ±0.26) -10-3, (63) 
significantly closer to the experimental value |£/c|exp — 

(2.23 ±0.01) • 10-3. 

Consequently, the e^-anomaly softened considerably but it is still alive. 
Indeed, the sin 2/3 = 0.74 ± 0.02 from UT fits is visibly larger than the 
experimental value S'^Xg = 0.672 ± 0.023. The difference is even larger if 
one wants to fit ek exactly: sin 2/3 0.85 [171fll76| . 

One should also recall the tension between inclusive and exclusive de- 
terminations of \Vub\ with the exclusive ones in the ballpark of 3.5 • 10"^ 
and the inclusive ones typically above 4.0 • IQ-^. As discussed in detail in 
the previous Section, an interesting solution to this problem is the presence 
of RH charged currents, which selects the inclusive value as the true value, 
implying again sin 2/3 ~ 0.80 [53j . 

As discussed in |17ipi72| and subsequent papers of these authors a small 
negative NP phase ipB^ in — mixing would solve both problems, 
provided such a phase is allowed by other constraints. Indeed we have then 

Si,Ks{Bd) = sin(2/3 ± 2(^bJ , S^,^{Bs) = sin(2|/3,| - 2^Bs) , (64) 

where the corresponding formula for S^^ in the presence of a NP phase 
^PBs in -Bg — B^ mixing has also been given. With a negative ips^ the true 
sin 2/3 is larger than S^Ks-: implying a higher value on \ek\-, in reasonable 
agreement with data and a better UT-fit. This solution would favour the 
inclusive value of \Vub\ as chosen e.g. by RH currents but as pointed out 

Interestingly this value is very close to Bk = 0.75 obtained in the large-N limit of 
QCD [23l[235]. Including 1/N corrections Bardeen, Gerard and myself [23611237] 
found some indications for Bk < 0.75. A very recent more precise analysis of Gerard 
[238j puts this result on firm footing. On the other hand the most recent message 
from RBC and UKQCD collaborations [240] reads Bk = 0.749 ± 0.027. Not only an 
impressive accuracy but also an indication for small 1/N corrections in accordance 
with the results in [23611237] obtained more than 20 years ago. In this context also the 
paper by Bijnens and Prades [239] should be mentioned. See [238] for more details. 
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in [53] this particular solution of the " Vub — problem" does not allow for a 
good fit to S^Ks if large is required. 

Now making a universality hypothesis oiipB^ = |172II242| , a negative 
(pB^ would automatically imply an enhanced value of S^^ which in view of 
\/3s\ ~ 1° amounts to roughly 0.04 in the SM. However, in order to be in 
agreement with the experimental value of S^Ks this type of NP would imply 
S^jjcj, < 0.25. All this shows that correlations between various observables 
are very important in this game. 

The universality hypothesis of ipB^ = iii |172tl242j was clearly ad 
hoc. Recently, in view of the enhanced value of 5^,^ at CDF and DO a 
more dynamical origin of this relation has been discussed by other authors 
and different relations between these two phases corresponding still to a 
different dynamics have been discussed in the literature. Let us elaborate 
on this topic in more detail. 

6.3. Facing an enhanced CPV in the Bg mixing 

Possibly the most important highlight in flavour physics in 2008, 2009 
|243j and even more in 2010 was the enhanced value of S^^f, measured by 
the CDF and DO collaborations, seen either directly or indirectly through 
the correlations with various semi-leptonic asymmetries. While in 2009 
and in the Spring of 2010 |244j . the messages from Fermilab indicated good 
prospects for S^^ above 0.5, the recent messages from ICHEP 2010 in Paris, 
softened such hopes significantly |245| . Both CDF and DO find the enhance- 
ment by only one a. Yet, this does not yet preclude S^^ above 0.5, which 
would really be a fantastic signal of NP. But S^^ below 0.5 appears more 
likely at present. Still even a value of 0.2 would be exciting. Let us hope 
that the future data from Tevatron and in particular from the LHCb, will 
measure this asymmetry with sufficient precision so that we will know to 
which extent NP is at work here. One should also hope that the large CPV 
in dimuon CP asymmetry from DO, that triggered new activities, will be 
better understood. I have nothing to add here at present and can only refer 
to numerous papers [78l[79lfT78l[2M[2T7] . 

Leaving the possibility of S^^ > 0.5 still open but keeping in mind that 
also S^^ < 0.25 could turn out to be the final value, let us investigate how 
different models described in Section 5 would face these two different results 
and what kind of dynamics would be behind these two scenarios. 

6.3.1. > 0.5 

Such large values can be obtained in the RSc model due to KK gluon 
exchanges and also heavy neutral KK electroweak gauge boson exchanges. 
In the supersymmetric flavour model with the dominance of RH currents 



Minimal Flavour Violation and Beyond: Towards a Flavour Code 



55 



like the AC model, double Higgs penguins constitute the dominant NP 
contributions responsible for 5^,^ > 0.5, while in the RVV2 model where 
NP LH current contributions are equally important, also gluino boxes are 
relevant. On the operator level, it is Ql"^ operator in (jl9p with properly 
changed quark flavours, which is primarly responsible for this enhancement. 

Interestingly the SM4 having only {V — A) x {V — A) operator QY^^ is 
also capable in obtaining high values of |143[147pi51| but not as easily as 
the RSc, AC and RVV2 models. The lower scales of NP in the SM4 relative 
to the latter models and the non-decoupling effects of t' compensate to some 
extent the absence of LR scalar operators. In the LHT model where only 
(y — A) X {V — A) operators are present and the NP enters at higher scales 
than in the SM4, 5*^0 above 0.5 is out of reach [108j . Similar comment 
applies to the AKM model even if it has RH currents. 

All these models contain new sources of flavour and CP violation and it is 
not surprising that in view of many parameters involved large values of 
can be obtained. The question then arises whether strongly enhanced values 
of this asymmetry would uniquely imply new sources of flavour violation 
beyond the MFV hypothesis. The answer to this question is as follows: 

• In models with MFV and FBPs set to z6ro, Sip(j) remains indeed SIM- 
hke. 

• In supersymmetric models with MFV even in the presence of non- 
vanishing FBPs, at both small and large tan /3, the supersymmetry 
constraints do not allow values of S^^ visibly different from the SM 

value [ZSIITTIEH]. 

• In the 2HDMypY in which at one-loop both Higgs doublets couple 
to up- and down-quarks, the interplay of FBPs with the CKM matrix 
allows to obtain S^^f) > 0.5 while satisfying all existing constraints |51j . 

In the presence of a large S^^ the latter model allows also for a simple 
and unique softening of the e/^-anomaly and of the tensions in the UT 
analysis if the FBPs in the Yukawa interactions are the dominant source of 
new CPV. In this case the NP phases (pB^ and are related through 

rrid 1 

in visible contrast to the hypothesis ips^ = of |172p242j . Thus in this 
scenario large ipB^ required to obtain values of S^^j, above 0.5 imply a unique 
small shift in S^Ks that allows to lower S^Ks from 0.74 down to 0.70, that 
is closer to the experimental value 0.672 it 0.023. This in turn implies that it 
is sin 2/3 = 0.74 and not S^,Ks = 0-67 that should be used in calculating ek 



56 



AnDRZEJ J. BURAS 



resulting in a value of ek ~ 2.0 • 10"'^ within one a from the experimental 
value. The direct Higgs contribution to ek is negligible because of small 
masses ,,. We should emphasize that once (pBs is determined from the 
data on S^^ by means of the implications for ek and S^Ks ^'^^ unique. 
All these correlations are explicitely seen in (j45p and (j46p . 

It is remarkable that such a simple set-up allows basically to solve all 
these tensions provided 5^^ is sufficiently above 0.5. The plots of ek and 
S^Ks versus 5^0 in [51] show this very transparently. On the other hand 
this scenario does not provide any clue for the difference between inclusive 
and exclusive determinations of \Vub\- 

6.3.2. S-^d, « 0.25 

Now, as signalled recently by CDF and DO data |245j . 5^,^ could be 
smaller. In this case all non-MFV models listed above can reproduce such 
values and in particular this time also the LHT model |108j and another 
supersymmetric flavour model (AKM) analysed by us stay alive |77j . 

Again MSSM-MFV cannot reproduce such values. On the other hand 
the 2IIDM ]y|pY can still provide interesting results. Yet as evident from the 
plots in [51] the FBPs in Yukawa interactions cannot now solve the UT 
tensions. Indeed the relation in ()65p precludes now any interesting effects in 
Ek and S^Ks- '5*^0 and the NP phase i^Bs are simply too small. Evidently, 
this time the relation 

VBa = ^Bs (66) 

would be more appropriate. 

Now, the analyses in |78p246| indicate how such a relation could be 
obtained within the 2HDM j^py . This time the FBPs in the Higgs potential 
are at work, the relation in follows and the plots of ek and S^Ks versus 
5^0 are strikingly modified [52]: the dependence is much stronger and even 
moderate values of S^^ can solve all tensions. This time not (^2 ^ but Qf^^ 
in ()19p is responsible for this behaviour. 

Presently it is not clear which relation between (p and (p b^ ^ts best the 
data but the model independent analysis of |246| indicates that (pB^ should 
be significantly larger than <^b^, but this hierarchy appears to be smaller 
than in (|65p . Therefore as pointed out in [52] in the 2HDM j^py the best 
agreement with the data is obtained by having these phases both in Yukawa 
interactions and the Higgs potential, which is to be expected in any case. 
Which of the two flavour-blind CPV mechanisms dominates depends on the 
value of S^fj), which is still affected by a sizable experimental error, and also 
by the precise amount of NP allowed in S^Ks ■ 

Let us summarize the dynamical picture behind an enhanced value of 
5^0 within 2HDM j^py . For > 0.7 the FBPs in Yukawa interactions are 
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expected to dominate. On the other hand for S",^,^ < 0.25 the FBPs in the 
Higgs potential are expected to dominate the scene. If 5^^ will eventually 
be found somewhere between 0.3 and 0.6, a hybrid scenario analyzed in [52] 
would be most efficient although not as predictive as the cases in which only 
one of these two mechanism is at work. 



6.4- Implications of an enhanced S^^ 

6.4.1. Preliminaries 

Let us then assume that indeed S^^ will be found to be significantly 
enhanced over the SM value. The studies of different observables in differ- 
ent models summarized in the previous Section allow then immediately to 
make some concrete predictions for a number of observables which makes it 
possible to distinguish different models. This is important as S^ip alone is 
insufficient for this purpose. 

In view of space limitations I will discuss here only the implications for 
Bs,d — ^ IJ'~^fJ'~ and K — irvi' decays, which we declared to be the superstars 
of the coming years. Subsequently I will make brief comments on a number 
of other superstars: EDMs, {g — 2)^, lepton flavour violation, a number of 
rare B and K decays and e'/e. 



6.4.2. S-^^cj, > 0.5 Scenario 

The detailed studies of several models in which such high values of S^ff, 
can be attained imply the following pattern: 

• In the AC model and the 2IIDM^|py, Br[Bg ,i — t- n^fi^) will be auto- 
matically enhanced up to the present upper limit of roughly 3 • 10~^ 
from CDF and DO. The double Higgs penguins are responsible for 
this correlation [JHESIET]. 

• In the SM4 this enhancement will be more moderate: up to (6 — 9) • 
10"^, that is a factor of 2-3 above the SM value [WlfTST]. 

• In the non-abelian super symmetric flavour model RVV2, Br{Bs(i — >• 
11^ can be enhanced up to a few 10~^ but it is not uniquely im- 
plied due to the pollution of double Higgs penguin contributions to 
B^ — Bg mixing through gluino boxes, that disturbs the correlation 
between 5^,^ and Br{Bs d — ^ A*"*"/^") present in the AC model [77| and 
2HDMj^. 

• In the RSc, Br{Bs d — )• /U'^/i") is SM-like independently of the value of 
S^^ |208| . If the custodial protection for flavour violating couplings 
is removed values of 10~^ are possible [208^221] . 
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The question then arises what kind of impUcations does one have for 
Br{Bci — )■ n'^fi~). Our studies show that 

• The 2HDMypY imphes automatically an enhancement of Br[Bd — )• 
fi'^fj,~) with the ratio of these two branching ratios governed solely by 
l^td/^tsP and weak decay constants. 

• This familiar MFV relation between the two branching ratios Br{Bs^d - 

is strongly violated in non-MFV scenarios like AC and RVV2 
models and as seen in Fig. 5 of [1] for a given Br{Bs — s- the 
range for Br{Bd — >■ /U^/.i~) can be large with the values of the latter 
branching ratios being as high as 5 • 10"^*^. 

• Interestingly, in the SM4, large S^^ accompanied by large Br{Bs — )■ 
fJ'~^IJ'~) precludes a large departure of Br{Bd — )• /U~'^/x^) from the SM 
value 1 • 10-1° [m] . 

We observe that simultaneous consideration of 5^^ and Br[Bs^d — )• 
fj,~^fi~) can already help us in eliminating some NP scenarios. Even more 
insight will be gained when Br{K^ — )• t^'^vv) and Br{KL — )• -k^vv) will be 
measured: 

• First of all the supersymmetric flavour models mentioned above pre- 
dict by construction tiny NP contributions to — )• ttuu decays. How- 
ever, it does not mean that in supersymmetric models large effects in 
these decays are not possible. Examples of large enhancements of the 
rates for K — t- ttvv decays in supersymmetric theories can be found 
in [T60l[2i8H252] and are reviewed in [253] . 

• In the RSc model significant enhancements of both branching ra- 
tios are generally possible |208tl221j but not if S'^^ is large. Similar 
comments would apply to the LHT model where the NP effects in 
K — )■ TTvu can be larger than in the RSc |108j . However, the LHT 
model has difficulties to reproduce a very large S^^ and does not be- 
long to this scenario. 

• Interestingly, in the SM4 large enhancements of S^^f,, Br{K^ — ^ tt^uu) 
and Br{KL — )■ t^^uu) can coexist with each other |151j . 

6.4.3. 3^4. « 0.25 Scenario 

In this scenario many effects found in the large 5"^,^ scenario are signifi- 
cantly weakend. Prominent exceptions are 

• In the SM4, Br{Bs — s- fi^fj,~) is not longer enhanced and can even 
be suppressed, while Br[Bd — )• IJ'~^IJ'~) can be significantly enhanced 
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• The branching ratios Br{K^ — t- tt'^uu) and Br{KL — )• T^^yv) can now 
be strongly enhanced in the LHT model |108| and the RSc model 
[208^221] with respect to the SM but this is not guaranteed. 

These patterns of flavour violations demonstrate very clearly the power 
of flavour physics in distinguishing different NP scenarios. 

6.5. EDMs, {g - 2)^ and Br{fi e-f) 

These observables are governed by dipole operators but describe different 
physics as far as CP violation and flavour violation is concerned. EDMs are 
flavour conserving but CP-violating, /x — t- 67 is CP-conserving but lepton 
flavour violating and finally (g — 2)^ is lepton fiavour conserving and CP- 
conserving. A nice paper discussing all these observables simultaneously 
is PM] . 

In concrete models there exist correlations between these three observ- 
ables of which EDMs and /i — )■ 67 are very strongly suppressed within the 
SM and have not been seen to date, {g — 2)^ on the other hand has been 
very precisely measured and exhibits a 3.2cr departure from the very precise 
SM value (see [255] and references therein) . Examples of these correlations 
can be found in |721I77| . In certain super symmetric flavour models with 
non-MFV interactions the solution of the {g — 2)^ anomaly implies simulta- 
neously df, and Br{^ — )• 67) in the reach of experiments in this decade. In 
these two papers several correlations of this type have been presented. We 
have listed them in the previous Section. 

The significant FBPs required to reproduce the enhanced value of S^cf, 
in the 2HDM^^py model, necessarily imply large EDMs of the neutron, 
Thallium and Mercury atoms. Yet, as a detailed analysis in |52j shows the 
present upper bounds on the EDMs do not forbid sizable non-standard CPV 
effects in Bg mixing. However, if a large CPV phase in Bg mixing will be 
confirmed, this will imply hadronic EDMs very close to their present ex- 
perimental bounds, within the reach of the next generation of experiments. 
For a recent model independent analysis of EDMs see |256| . 

6.6. Waiting for precise predictions of e' je 

The fiavour studies of the last decade have shown that provided the 
hadronic matrix elements of QCD-penguin and electroweak penguin opera- 
tors will be known with sufficient precision, e'/e will play a very important 
role in constraining NP models. We have witnessed recently an impressive 
progress in the lattice evaluation of Bk that elevated £k to the group of 
observables relevant for precision studies of flavour physics. Hopefully this 
could also be the case of e'/e already in this decade. 
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6.7. B ^ K*l+l- 

Let us next mention briefly these decays that wih be superstars at the 
LHCb. While the branching ratios for B — ^ Xsl~^l~ and B — ^ K*l~^l~ put al- 
ready significant constraints on NP, the angular observables, CP-conserving 
ones like the well known forward-backward asymmetry and CP-violating 
ones will definitely be very useful for distinguishing various extensions of 
the SM. A number of detailed analyses of various CP averaged symmetries 
and CP asymmetries provided by the angular distributions in the exclusive 
decay B — )■ K*{-^ K'k)1'^1~ have been performed in |257H259] . A nice sum- 
mary of the last paper can be found in |273j . In particular the zeroes of 
some of these observables can be accurately predicted. Belle and BaBar 
provided already interesting results for the best known forward-backward 
asymmetry but the data have to be improved in order to see whether some 
signs of NP are seen in this asymmetry. Future studies by the LHCb, Belle 
II and SFF in Rome will be able to contribute here in a significant manner. 



6.8. B~ 



T+u and B+ D^t+u 



Another prominent anomaly in the data not discussed by us sofar is 
found in the tree-level decay B'^ — t- t'^u. The relevant branching ratio is 
given by 



Br{B+ ^ r+i^)sM 



Svr 
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mz 



m 



B+ 



Fl+\Vub\^TB+ 



(67) 



In view of the parametric uncertainties induced in (j67p by Fg+ and V^^, in 
order to find the SM prediction for this branching ratio one can rewrite it 
as follows [7T| : 
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Here AM^ is supposed to be taken from experiment and 

2 



ub 



Vtd 



Vub 



Vtd 



1 



1 - A2/2 J 



Y 1 + Rf - 2Rt cos 13 



1^ 



TB+m 



(69) 



with Rt and /3 determined by means of AMd/ AMg and S^Ksi respectively. 
In writing ([68]) , we used Fb — Fb+ and niB^ — mB+- We then find [77] 



BriB- 



SM 



(0.80 ±0.12) X 10" 



(70) 



This result agrees well with the result presented by the UTfit collaboration 
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On the other hand, the present experimental world avarage based on 
results by BaBar and Belle reads |260| 

Br{B+ r+i/)cxp = (1-73 ± 0.35) x lO"'^ , (71) 

which is roughly by a factor of 2 higher than the SM value. We can talk 
about a tension at the 2.5a level. 

With a higher value of \ Vub\ as obtained through inclusive determination 
this discrepancy can be decreased significantly. For instance with a value of 
4.4 X 10~^, the central value predicted for this branching ratio would be more 
like 1.25 X 10~^. Yet, this would then require NP phases in B'^ — B'^ mixing 
to agree with the data on S^Ks- any case values of Br{B^ — )• T"'"i^)exp 
significantly above 1 x 10~^ will signal NP contributions either in this decay 
or somewhere else. For a very recent discussion of such correlations see |176j . 

While the final data from BaBar and Belle will lower the exparimental 
error on Br[B'^ — )• t^v), the full clarification of a possible discrepancy 
between the SM and the data will have to wait for the data from Belle II 
and SFF in Rome. Also improved values for Fb from lattice and \ Vub\ from 
tree level decays will be important if some NP like charged Higgs is at work 
here. The decay B'^ — )• D^t^v being sensitive to different couplings of 
can contribute significantly to this discussion but formfactor uncertainties 
make this decay less theoretically clean. A thorough analysis of this decay 
is presented in |261] where further references can be found. 

Interestingly, the tension between theory and experiment in the case 
of Br{B~^ — )• r'^u) increases in the presence of a tree level exchange 
which interferes destructively with the contribution. As addressed long 
time ago by Hou |262j and in modern times calculated first by Akeroyd 
and Recksiegel [263], and later by Isidori and Paradisi |264j . one has in the 
MSSM with MFV and large tan f3 

Br{B+ -» r+t/)MSSM 
Br{B+ ^ T+v)sM 

with e collecting the dependence on supersymmetric parameters. This 
means that in the MSSM this decay can be strongly suppressed unless the 
choice of model parameters is such that the second term in the parenthe- 
sis is larger than 2. Such a possibility that would necessarily imply a light 
charged Higgs and large tan /3 values seems to be very unlikely in view of the 
constraints from other observables |265] . Recent summaries of physics 
can be found in |266p267j . 

6.9. Rare B Decays B — )• Xguv, B — )• K*ui> and B — )• Kvi> 

Finally we discuss these three superstars that provide a very good test 
of modified Z penguin contributions [268^269] . but their measurements ap- 
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B 



tan^/3 



mir^ 1 + e tan /3 



(72) 
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pear to be even harder than those of the rare K — )• ttvl' decays discussed 
previously. Recent analyses of these decays within the SM and several NP 
scenarios can be found in |270y271] . 

The inclusive decay B — )• X^z/P is theoretically as clean as K ^ ttvU 
decays but the parametric uncertainties are a bit larger. The two exclusive 
channels are affected by formfactor uncertainties but last year in the case of 
B K*^!? |27U| and B — t- Kuv' |271j significant progress has been made in 
improving this situation. In the latter paper this has been achieved by con- 
sidering simultaneously also B — t- Kl~^l~ . Last year also non-perturbative 
tree level contributions from B'^ — t- t'^u to B^ — ^ K'^vU and B^ — t- K*'^vi> 
at the level of roughly 10% have been pointed out j272j . 

The interesting feature of these three b — )• svv transitions, in particu- 
lar when taken together, is their sensitivity to right-handed currents |270j . 
Belle II and SFF in Rome machines should be able to measure them at a 
satisfactory level and various ideas put forward in the latter paper will be 
tested. Nice summaries of the potential of these decays in searching for new 
physics have been presented by Straub and Kamenik [27311274] . 

7. The 3x3 Flavour Code Matrix (FCM) 



Model 


LH 


RH 


SH 


MFV 


Fii 


F12 


Fl3 


BMFV 


F21 


F22 


F23 


FBPs 


F31 


F32 


F33 



Table 5. The Flavour Code Matrix for a given model. FBPs denotes important 
flavour blind phases. BMFV denotes new flavour violating interactions. LH denotes 
the left-handed currents, RH denotes right-handed currents and SH denotes scalar 
currents. 

7.1. Basic Idea 

In Section 5 we have reviewed a large number of BSM models with rather 
different patterns of flavour and CP violation. There are other models in 
the literature that I did not discuss here but it appears to me that already 
on the basis of the models considered by us a rough picture is emeraging. 
The question then is, how to draw a grand picture of all these NP effects 
and to summarize them in a transparent manner. The problem with this 
goal is the multitude of free parameters present basically in all extensions 
of the SM, making any transparent classification a real challenge. 
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In this context let me give one example. At first sight it is evident that 
the presence of the ^ operator in a NP scenario promises interesting and 
often dangerous effects due to large RG effects accompaning this operator 
(large anomalous dimension) and the chiral enhancements of its matrix el- 
ements in the K system. Such effects are typically much smaller in models 
dominated by LH currents and the study of the LHT model confirms this 
picture: the CP-asymmetry S^^ in this model cannot be as large as in mod- 
els containing RH currents which in collaboration with LH currents produce 
the operator. Yet, this clear picture is polluted to some extent by the 
results obtained in the SM4. This model has only LH currents but still is 
capable of obtaining values for above 0.5, even if this is not as easy as 
in the case of models with RH currents. 

There are other challenges as we will see below. In spite of this let us 
make an attempt to classify systematically the knowledge gained in previous 
sections. The first question which arises is the choice of the right "degrees 
of freedom" or "coordinates" for such a grand picture. We have made the 
first steps in this direction in [1], where a 2 x 2 Flavour Matrix has been 
proposed. This matrix distinguishes between models with SM and non-SM 
operators on the one hand and between MFV models and models with non- 
MFV sources on the other hand. The previous Sections demonstrate clearly 
that this matrix is too small to transparently uncover all possibilities so 
that a proper distinction between models belonging to a given element of 
this matrix cannot be made. 

There are three aspects which are missing in the 2x2 Flavour Matrix: 

• The distinction between models having significant FBPs and those not 
having them. 

• The distinction between BSM models with dominant LH currents, RH 
currents and scalar (SH) currents. 

• Moreover, there are models in which LH, RH and SH currents play 
comparable role. 

This situation indicates that it is probably a better idea to invent a new 
classification of various NP effects by means of a coding system in a form 
of a 3 X 3 flavour code matrix (FCM) which instead of attaching a given 
model to a specific entry of a flavour matrix describes each model separately. 
Thus each NP model is characterized by a special code in which only some 
entries of the matrix in question are occupied. MFV, non-MFV sources and 
FBPs on the one hand and LH currents, RH currents and SH currents on 
the other hand are the fundamental coordinates in this code. They allow 
often to distinguish compactly the models discussed in Section 5. The basic 
structure of a FCM is shown schematically in Table [SJ 
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In other words the main goal is to identify the main fundamental "in- 
gredients" of NP models that lead to specific/distinct features in flavour 
observables. Once these ingredients are identified one has a classification 
of a NP model simply based on the ingredients that are present in that 
model. The FCM presented here should be a good starting point for such a 
classification scheme but more elaborate schemes could also be constructed. 
We will return to them in the future. 

Ultimately a given flavour code should correspond to a unique flavour 
DNA pattern representing a given model and just having this code should 
be sufficient to determine the interesting fiavour observables that can probe 
this model. 

7.2. Arguments for the Choice of Coordinates of FCM 

Let us still elaborate on our choice of the coordinates. 

First, MFV restricts both fiavour and CP violation to the CKM matrix. 
Next, FBPs only provide additional sources of CP violation. Finally, BMFV 
allows for non-trivial complex fiavour structures, i.e. both new sources of 
fiavour and CP violation are present. This choice of flavour coordinates 
MFV, non-MFV and FBPs is then rather convincing even if the non-MFV 
interactions can vary from model to model by a significant amount. How- 
ever, some differences between models with non-MFV sources arise precisely 
from the different structure of contributing operators and this difference is 
taken care of at least partially by the remaining three coordinates LH, RH 
and SH. 

The clasification of Lorentz structures in only LH, RH and SH oversim- 
plifies of course the general situation but we think that it is sufficient as 
the leading order approximation. There would be no point in choosing as 
coordinates all different operators involved as one would end with very large 
code matrices. 

Let us note that for AF = 1 semi-leptonic processes the division in LH, 
RH and SH structures is rather transparent as one can convince oneself by 
looking at the operators involved that we listed in Section 4. 

The case of AF = 2 processes is still simple if one only considers dia- 
grams with exclusively LH currents and separately diagrams with only RH 
currents 0. Then operators QY^^ and Q^^^ result, respectively. This is 
also the case of box diagrams with internal squarks and gluinos in SUSY 
models, c^ll and ^rr mass insertions when considered separately generate 
QY^^ and Q^^^, respectively. The necessary 7^ is provided by the gluino 

^ I would like to thank Wolfgang Altmannsliofer and Paride Paradisi for interesting 
and inlightning discussions related to the points presented here and other parts of 
this Section. 
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propagator. These two cases are also easily distinguishable from the third 
coordinate related to scalar interactions. 

The situation becomes more complicated when LH and RH currents or 
f^LL and mass insertions are considered simultaneously. Then the oper- 
ators Qi^ and enter and have to be considered simultaneously as they 
mix under QCD renormalization. Moreover up to the colour indices these 
two operators are related by Fierz transformation. But this is not really a 
problem for our classification as simply the presence of LH and RH currents 
just generates such operators with related phenomenological implications. 
Yet, one should stress that the operator can also be generated by scalar 
exchanges and the renormalization under QCD generates then as well. 
For large tan /3 the scalar currents can however dominate and as our studies 
of RHMFV and 2HDMj^|pY indicate the phenomenology of RH currents and 
LH currents and of SH currents is quite different in each case. One should 
also not forget that scalar exchanges can generate the operators Qf^ and 
nSRR 

In summary, the coordinates chosen here appear as a good starting point 
towards some optimal classification of flavour dynamics at very short dis- 
tance scales. 
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Table 6. The FCM for the CMFV models (left) and 2HDMj^ (right). 
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Tabic 7. The FCM for the LHT model (left) and SM4 (right). 



7.3. Examples of Flavour Code Matrices (FCM) 

We will now present FCMs for models discussed in the text. While the 
patterns of flavour violation in a given model are in details speciflc for this 
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Table 8. The FCM for the FBMSSM model (left) and 6LL (right) 
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Table 9. The FCM for the RHMFV model (left) and RSc (right). 



model, models having similar codes will have similar predictions for various 
observables. We distinguish MFV, BMFV and FBPs by different shapes and 
LH, RH and SH by different colours. The latter colour coding is evident: 
red for LH, black for RH and Bavarian blue for SH. 

It should be emphasized that although in each model considered by us 
almost all entries of the related FCM could be filled, we indicate only those 
which play a significant role in the phenomenology of a given model. 

In Tables [511111 we show the FMC's for models discussed in Section 5. 

In Table M we summarize CMFV and 2KDMy^. The NP effects in 
CMFV are generally small and CPV is SM-like. In 2HDMj^|py the presence 
of scalar currents accompanied by FBPs allows to obtain, in spite of MFV, 
interesting CPV effects in FCNC processes and EDMs. Also significantly 
enhanced Br[Bg (i — )• /x"^/i~) are possible in the latter case. 

In Table [7] we show FCMs for the LHT model and the SM4. These 
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Table 10. The FCM for the AMK 
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model (left) and AC model (right). 
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Table 11. The FCM for the RVV2 model and the SSU{5)rn. 



FCMs look identical and in fact the patterns of flavour violation in these 
two models show certain similarities although NP effects in the SM4 can be 
larger. A prominent difference is noticed in the case of Br[Bs^d — ^ M^A*")- 
They can be enhanced up to factors of 2-3 in the SM4, while this is not 
possibly in the LHT. 

In Table [8] we show the FBMSSM and the FS model with the dominance 
of LH currents ((5LL). The pattern of flavour violations in these two models 
is similar but the presence of BMFV sources makes the (5LL model less 
constrained. In particular in the FBMSSM the ratio of Br{Bci — )• fi~^fi~) to 
Br{Bs is MFV-like as in ([30]), while in the (5LL) model due to 

BMFV sources this relation can be strongly violated. This different pattern 
could be used to distinguish these two models. Characteristic for these two 
models are sizable effects in Sf^Xs ^^'^ SM-like S^^jj. Finally, let us note that 
within ((5LL) model and all other SF models discussed by us, one assumes 
that CP is a symmetry of the theory (hence no FBPs) that is broken only 
by flavour effects after the breaking of the flavour symmetry. 

In Table Owe show FCMs for RHMFV and RSc. The presence of sizable 
contributions from BMFV sources in LH and RH currents in RSc makes 
the effects in this model generally larger than in the RHMFV and some fine 
tuning of parameters is required in order to be in accordance with the data. 
In turn some observables, in particular Br{Bs^d ^^~^^^~)^ turn out to be 
SM-like in the RSc. The RHMFV has a much simpler structure than RSc 
and the pattern of flavour violation is more transparent. 

In Table do] we show the FCMs of AMK and AC models. It should be 
emphasized that the AMK model is based on the SU(3) flavour symmetry, 
while the AC model is an abelian model. Moreover whereas the RH currents 
in the AMK model are CKM-like, they are 0(1) in the case of the AC 
model. The small red box in the FCM of the AMK model indicates that 
the LH currents in this model as analyzed by us are much weaker than 
the RH currents. Still many implications of these two models are similar 
although the effects in the AC model are generally larger. The smoking gun 
of both models is the strong correlation between S^p^ and the lower bounds 
on Br{Bs d — ^ A*"*"/^") that can be for large by an order of magnitude 
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larger than the SM values. The neutral Higgs exchanges with large tan (3 
are responsible for this strong correlation. 

Finally, in Table E] we show FCM of the RVV2 model and of the 
SSU{5)ri\[ model. RVV2 having SU(3) flavour symmetry has some sim- 
ilarities with the AMK model but the presence of larger LH currents in the 
RVV2 model leads to differences as summarized in Section 5. The patterns 
of flavour violation in the RVV2 model and in the SSU{5)rn has some 
similarities but as we emphasized in Section 5 also few striking difference 
have been identified in [180j . They are related to S^Ks and its correlations 
with 5*^^ and which our FCMs still do not incorporate. 

We should stress that we have left in several models the entries related 
to FBPs empty as this issue requires further study. Moreover, in certain 
models, flavour diagonal but not flavour blind phases like in the RSc model 
are present. 

This discussion shows that the idea of FCMs, although more powerful 
than the 2x2 matrix discussed by us previously, cannot yet fully depict 
all properties of a given model and the differences between various models. 
However, in conjunction with the correlations between various observables 
it could turn out to be a useful step towards a grand picture of various 
patterns of flavour and CP violation. The references to such correlations 
have been collected in Table |H 

Let us also note that the entry (MFV,RH) is always empty as the MFV 
flavour structure implies automatically the absence of RH currents or their 
suppression by mass ratios nis/mh, ma/mh and nid/ms- 

8. Grand Summary 

Our presentation of various BSM models is approaching the end. I 
hope I convinced the readers that flavour physics is a very rich field which 
necessarily will be a prominent part of a future theory of fundamental in- 
teractions both at large and short distance scales. While MFV could work 
to the first approximation, various studies show that models attempting 
the explanation of the hierarchies of fermion masses and of its hierarchical 
flavour violating and CP violating interactions in most cases imply non- 
MFV interactions. This is evident from the study of supersymmetric flavour 
models [77] and more general recent studies |275ll276j . 

What role will be played by flavour blind phases in future phenomenol- 
ogy depends on the future experimental data on EDMs. Similar comment 
applies to LFV. A discovery of /x — )■ 67 rate at the level of 10"^'^ would 
be a true mile stone in flavour physics. Also the discovery of S^^ at the 
level of 0.3 or higher would have a very important impact on quark flavour 
physics. The measurements of Br{Bg ,i — t- ;U+/i~) in conjunction with S^^, 
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— )• tt'^uu and at later stage — ?• tt^vu will allow to distinguish between 
various models as explicitely shown in Section 6. Here the correlations be- 
tween various observables will be crucial. It is clearly important to clarify 
the origin of the tensions between ek, S^Ks^ iKifel and Br{B~^ — )• t^Vt) 
but this possibly has to wait until Belle II and later SFF will enter their 
operation. 

At the end of our presentation we made a new attempt to classify various 
extensions of the SM with the help of a 3 x 3 flavour code matrix. Whether 
this classification and earlier proposed DNA tests of flavour physics will 
turn out to be a step forward should be clear in the next five years when 
new measurements will be available hopefully showing clear patterns of de- 
viations from the SM. In any case I have no doubts that we will have a lot 
of fun with flavour physics in this decade and that this field will offer very 
important insights into the short distance dynamics. 
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